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The	  response	  of	  the	  human	  heart	  to	  ischaemic	  stress	  is	  not	  uniform	  and	  adaptive	  
mechanisms	  play	  a	  role	  in	  attenuating	  myocyte	  damage	  and	  improving	  performance.	  
The	  mechanisms	  of	  such	  adaptations	  are	  poorly	  understood	  and	  likely	  multifactorial.	  
The	  main	  aim	  of	  this	  thesis	  was	  to	  examine	  these	  mechanisms	  using	  the	  models	  of	  
exercise	  induced	  myocardial	  ischaemia	  and	  acute	  myocardial	  infarction	  
Methods	  
Using	  a	  specially	  adapted	  supine	  ergometer,	  we	  used	  invasive	  physiological	  
measurements	  and	  high-­‐resolution	  cardiac	  magnetic	  resonance	  imaging	  to	  assess	  
changes	  in	  coronary	  blood	  flow,	  central	  haemodynamics	  and	  transmural	  myocardial	  
perfusion	  during	  exercise.	  In	  a	  separate	  group,	  we	  sought	  to	  examine	  the	  role	  of	  
post-­‐conditioning	  as	  a	  potential	  therapeutic	  tool	  in	  a	  randomised	  controlled	  trial	  
involving	  patients	  undergoing	  primary	  percutaneous	  revascularisation	  for	  acute	  
myocardial	  infarction.	  
Results	  
We	  were	  able	  to	  demonstrate	  that	  the	  reduction	  of	  ischaemia	  seen	  on	  second	  
exercise	  in	  patients	  with	  stable	  coronary	  artery	  disease	  is	  associated	  with	  synergistic	  
changes	  in	  central	  and	  coronary	  haemodynamics,	  with	  a	  fall	  in	  myocardial	  
microvascular	  resistance	  and	  enhanced	  vascular-­‐ventricular	  coupling.	  High-­‐speed	  
CMR	  perfusion	  imaging	  using	  k-­‐t	  acceleration	  is	  a	  feasible	  tool	  to	  investigate	  these	  
differences,	  with	  sufficient	  spatial	  resolution	  to	  detect	  transmural	  flow	  
heterogeneity.	  The	  data	  from	  the	  postconditioning	  study	  did	  not	  show	  a	  difference	  
in	  infarct	  size	  between	  the	  groups	  but	  numbers	  were	  small.	  
Conclusion	  
The	  mechanisms	  of	  adaptation	  of	  the	  heart	  to	  ischaemic	  stress	  are	  complex	  and	  
likely	  multifactorial.	  These	  results	  suggest	  that	  synergistic	  changes	  in	  systemic	  and	  
coronary	  circulations	  as	  part	  of	  a	  generalised	  reactive	  hyperaemic	  vasodilatory	  
response	  to	  exercise	  results	  in	  improved	  myocardial	  perfusion	  and	  overall	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performance.	  	  Transmural	  flow	  redistribution	  to	  the	  subendocardium	  is	  likely	  to	  play	  
an	  important	  role	  in	  attenuating	  myocardial	  ischaemia	  on	  repeat	  exercise	  although	  
we	  await	  the	  results	  of	  ongoing	  work.	  	  Innate	  myocardial	  protection,	  such	  as	  that	  
afforded	  by	  postconditioning	  remains	  a	  possibility,	  although	  the	  results	  from	  this	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Coronary	  atherosclerosis	  is	  endemic	  in	  the	  Western	  world	  and	  is	  the	  principle	  cause	  
of	  morbidity	  and	  mortality1.	  The	  classical	  symptoms	  of	  angina	  have	  long	  been	  
described	  in	  the	  medical	  literature2	  yet	  our	  understanding	  of	  their	  origins	  are	  poorly	  
understood.	  	  
“But there is a disorder of 
the breast marked with 
strong and peculiar 
symptoms, considerable 
for the kind of danger 
belonging to it, and not 
extremely rare, which 
deserves to be mentioned 
more at length. The seat of it, 
and sense of strangling, and 
anxiety with which it is 
attended, may make it not 
improperly be called 
angina pectons. They who 
are afflicted with it, are 
seized while they are 
walking, (more especially 
if it be up hill, and soon 
after eating) with a painful 
and most disagreeable 
sensation in the breast, 
which seems as if it would 
extinguish life, it it were to 
increase or to continue; but 
the moment they stand 




William Heberden (1795)	  
	  
	  
Figure	  1. Dr	  Heberden	  who	  first	  described	  classical	  angina	  pectoris	  [from	  Medical	  
Transactions,	  Royal	  College	  of	  Physicians	  in	  London,	  1795]2	  
Chapter	  1.	  Background	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1.1 Anatomy	  and	  Physiology	  of	  the	  Human	  Circulation	  
1.1.1 The	  Coronary	  Circulation	  
The	  coronary	  circulation	  can	  be	  divided	  into	  three	  compartments:	  arteries,	  
microcirculation,	  and	  veins.	  The	  microcirculation	  can	  be	  further	  split	  into	  arterioles,	  
capillaries	  and	  venules.	  The	  epicardial	  compartment	  includes	  vessels	  ranging	  from	  
0.5mm-­‐5mm.	  The	  predominant	  function	  of	  these	  vessels	  is	  to	  provide	  capacitance	  
and	  under	  normal	  conditions	  they	  offer	  minimal	  resistance	  to	  flow.	  The	  small	  
arteries	  then	  branch	  out	  into	  pre	  arterioles,	  which	  are	  200μm	  -­‐500μm	  in	  diameter	  
and	  are	  located	  on	  the	  epicardial	  surface	  of	  the	  heart.	  These	  vessels	  maintain	  
pressure	  at	  the	  entrance	  to	  the	  arterioles	  and	  are	  able	  to	  compensate	  for	  changes	  in	  
flow.	  These	  develop	  into	  arterioles	  less	  than	  200μm,	  which	  can	  be	  further	  divided	  
into	  three	  sub	  compartments,	  each	  characterised	  by	  their	  size,	  function	  and	  
predominant	  regulatory	  mechanism.	  There	  is	  a	  significant	  overlap	  between	  the	  
mechanisms	  that	  regulate	  the	  flow	  of	  blood	  into	  the	  microcirculation.	  There	  is	  a	  
tendency	  for	  each	  domain	  of	  microvessel	  to	  have	  a	  predominant	  regulating	  
mechanism,	  and	  in	  the	  event	  that	  one	  mechanism	  becomes	  dysfunctional	  or	  is	  
inhibited,	  then	  other	  mechanisms	  become	  active	  to	  compensate.	  The	  largest	  of	  
these	  arterioles	  are	  100μm	  -­‐200μm	  in	  diameter.	  Kuo	  et	  al.	  demonstrated	  that	  
endothelial	  dependent	  dilation	  was	  most	  prominent	  in	  larger	  arterioles	  and	  least	  
effective	  in	  the	  smallest	  vessels3.	  In	  these	  vessels,	  an	  increase	  in	  flow	  rate	  causes	  
vasodilatation	  and	  a	  reduction	  in	  flow	  causes	  vasoconstriction.	  The	  medium	  sized	  
arterioles	  are	  40μm	  -­‐	  100μm	  in	  diameter	  and	  the	  main	  regulating	  mechanism	  is	  
dependent	  on	  intraluminal	  pressure	  changes	  in	  the	  vessels.	  Intraluminal	  pressure	  is	  
detected	  by	  vascular	  smooth	  muscle	  cell	  stretch	  receptors,	  which	  respond	  to	  
increased	  intraluminal	  pressure	  by	  causing	  vasoconstriction.	  Conversely	  a	  reduction	  
in	  intraluminal	  pressure	  causes	  compensatory	  vasodilatation	  due	  to	  smooth	  muscle	  
relaxation.	  This	  pressure	  sensitive	  mechanism	  is	  known	  as	  myogenic	  control4.	  
Endothelial	  dependent	  mechanisms	  are	  also	  present	  in	  medium	  sized	  arterioles,	  
although	  the	  dominant	  mechanism	  is	  myogenic	  mediation.	  The	  smallest	  arterioles	  
(<30	  μm)	  are	  regulated	  by	  changes	  in	  metabolic	  activity,	  whereby	  an	  increase	  in	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metabolic	  activity	  leads	  to	  vasodilatation3.	  Therefore	  in	  the	  microcirculation,	  an	  
increase	  in	  metabolic	  activity	  initially	  causes	  the	  tiny	  vessels	  to	  dilate.	  This	  causes	  a	  
secondary	  reduction	  in	  pressure	  upstream	  in	  the	  medium	  sized	  vessels	  causing	  
myogenic	  dilation,	  leading	  to	  increased	  flow	  further	  upstream	  in	  the	  larger	  arterioles	  
causing	  endothelial	  dependent	  dilation5.	  This	  self-­‐regulating	  mechanism	  allows	  for	  
an	  integrated	  sequential	  activation	  from	  the	  smallest	  vessels	  to	  the	  largest	  arterioles	  
in	  response	  to	  increased	  metabolic	  demand.	  	  These	  mechanisms	  are	  discussed	  in	  
further	  detail	  below.	  
	   	  
Figure	  2. Anatomy	  of	  the	  heart	  showing	  the	  major	  epicardial	  coronary	  arteries	  [taken	  from	  
Gray’s	  Anatomy,	  fig	  491,	  p371,	  Philidelphia,	  1918]	  
	  
	  
Figure	  3. 3-­‐Dimensional	  reconstruction	  of	  cryomicrotome	  images	  taken	  of	  the	  coronary	  
microcirculation	  illustrating	  the	  dense	  web	  of	  vessels	  [images	  courtesy	  of	  Jos	  Spaan,	  AMC	  
Hospital,	  Amsterdam,	  Netherlands6]	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1.1.2 Coronary	  Blood	  Flow	  and	  Exercise:	  In	  the	  Normal	  Heart	  
The	  heart	  is	  primarily	  dependent	  on	  oxidative	  phosphorylation	  for	  energy	  
production.	  This	  means	  that	  any	  increase	  in	  cardiac	  activity	  is	  dependent	  on	  rapid,	  
almost	  instantaneous,	  parallel	  increases	  of	  oxygen	  availability.	  In	  contrast	  to	  skeletal	  
muscle,	  that	  has	  very	  low	  metabolic	  requirements	  during	  rest	  periods,	  the	  resting	  
oxidative	  requirements	  of	  the	  myocardium	  are	  far	  higher.	  In	  order	  to	  sustain	  such	  
activity	  the	  myocardial	  tissue	  maintains	  a	  very	  high	  level	  of	  oxygen	  extraction	  so	  that	  
70-­‐80%	  of	  available	  oxygen	  is	  extracted	  from	  the	  arterial	  blood	  supplying	  it.	  This	  
compares	  to	  skeletal	  muscle	  where	  the	  extraction	  fraction	  is	  closer	  to	  30-­‐40%7.	  Such	  
levels	  of	  oxygen	  extraction	  in	  the	  myocardium	  are	  made	  possible	  through	  high	  
capillary	  density,	  typically	  in	  the	  region	  of	  3,000-­‐4,000/mm2,	  as	  opposed	  to	  500-­‐
2,000/mm2	  in	  skeletal	  muscle8.	  Because	  of	  such	  highly	  efficient	  oxygen	  extraction	  
during	  basal	  conditions,	  when	  metabolic	  demands	  on	  the	  myocardium	  are	  increased	  
(such	  as	  during	  exercise)	  these	  needs	  are	  met	  principally	  by	  augmenting	  coronary	  
blood	  flow	  rather	  than	  further	  oxygen	  extraction9.	  	  	  
1.1.2.1 Increased	  Myocardial	  Oxygen	  Demand	  
Exercise	  is	  the	  most	  important	  physiological	  stimulus	  for	  increasing	  myocardial	  
oxygen	  demand.	  	  The	  increase	  in	  metabolic	  requirements	  of	  the	  exercising	  skeletal	  
muscle	  necessitates	  a	  corresponding	  increase	  in	  blood	  flow	  that	  is	  met	  by	  
vasodilatation	  of	  the	  resistance	  vessels	  largely	  located	  in	  the	  skeletal	  muscle.	  	  Such	  
vasodilatation	  requires	  an	  increase	  in	  cardiac	  output,	  facilitated	  by	  an	  increase	  in	  
arterial	  pressure.	  	  Such	  haemodynamic	  changes	  result	  in	  an	  increase	  in	  each	  of	  the	  
key	  determinants	  of	  myocardial	  oxygen	  demand,	  heart	  rate	  and	  contractility	  and	  
ventricular	  work10.	  
Heart	  Rate	  
Studies	  using	  rapid	  pacing	  as	  a	  stimulus	  have	  suggested	  that	  up	  to	  30-­‐40%	  of	  the	  
increase	  in	  coronary	  blood	  flow	  during	  exercise	  can	  be	  attributed	  to	  increases	  in	  
heart	  rate11.	  However,	  such	  studies	  do	  not	  offer	  a	  surrogate	  for	  exercise-­‐stress	  as	  
the	  increased	  heart	  rate	  produced	  by	  pacing	  alone	  actually	  causes	  a	  reduction	  in	  the	  
ventricular	  work	  of	  each	  beat	  through	  a	  decrease	  in	  end-­‐diastolic	  volume	  and	  stroke	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volume,	  thereby	  underestimating	  myocardial	  oxygen	  consumption12.	  	  Overall,	  the	  
increase	  in	  heart	  rate	  during	  exercise	  is	  thought	  to	  contribute	  around	  60%	  of	  the	  
increased	  myocardial	  oxygen	  consumption13.	  
Contractility	  
Beta-­‐adrenergic	  activation	  as	  well	  as	  the	  direct	  positive	  inotropic	  effect	  of	  heart	  rate	  
cause	  the	  increased	  contractility	  observed	  during	  exercise14.	  In	  studies	  that	  used	  
propanolol	  to	  block	  beta-­‐adrenergic	  receptors	  and	  rapid	  pacing	  to	  maintain	  a	  steady	  
heart	  rate	  it	  was	  estimated	  that	  the	  contribution	  of	  increased	  contractility	  to	  the	  
increase	  in	  oxygen	  consumption	  during	  exercise	  was	  in	  the	  region	  15-­‐25%15,	  16.	  The	  
effect	  of	  beta-­‐blockers	  in	  reducing	  left	  ventricular	  systolic	  pressure	  and	  stroke	  
volume	  and	  consequently	  left	  ventricular	  work	  per	  beat	  also	  needs	  to	  be	  
considered11.	  	  
Ventricular	  Work	  
Left	  ventricular	  work	  goes	  up	  during	  exercise	  in	  proportion	  to	  the	  increased	  
afterload	  that	  is	  primarily	  formed	  by	  increases	  in	  systolic	  arterial	  pressure.	  It	  is	  also	  
related	  to	  the	  increase	  in	  left	  ventricular	  end-­‐diastolic	  volume17,	  18.	  	  External	  work	  
increases	  as	  a	  result	  of	  the	  augmented	  stroke	  volume	  and	  hence	  smaller	  end-­‐systolic	  
volume	  caused	  by	  the	  increased	  contractility	  resulting	  in	  an	  overall	  increase	  in	  
ventricular	  work.	  This	  accounts	  for	  around	  15-­‐25%	  of	  the	  increased	  myocardial	  
oxygen	  demand	  during	  exercise19.	  
1.1.2.2 Increased	  Myocardial	  Oxygen	  Supply	  
The	  increased	  oxygen	  demands	  of	  the	  myocardium	  during	  exercise	  are	  primarily	  met	  
through	  an	  augmentation	  in	  coronary	  flow.	  The	  increase	  in	  coronary	  blood	  flow	  
results	  from	  a	  combination	  of	  coronary	  vasodilatation,	  with	  a	  reduction	  in	  coronary	  
vascular	  resistance,	  and	  an	  increase	  in	  mean	  arterial	  pressure20-­‐22.	  	  
Coronary	  Blood	  Flow	  
Resting	  left	  ventricular	  coronary	  blood	  flow	  in	  humans	  is	  in	  the	  range	  0.5-­‐
1.5ml/min/mg	  myocardium23-­‐26.	  Dynamic	  exercise	  increases	  coronary	  blood	  flow	  in	  
proportion	  to	  the	  heart	  rate,	  with	  peak	  values	  during	  maximal	  exercise	  typically	  3	  to	  
Chapter	  1.	  Background	  
	  
	   18	  
5	  times	  the	  resting	  level26,	  27.	  	  This	  relationship	  is	  amazingly	  similar	  across	  different	  
species	  with	  a	  strong	  correlation	  on	  regression	  analysis	  of	  left	  ventricular	  blood	  flow	  
against	  heart	  rate13,	  28,	  29.	  	  
Oxygen-­‐carrying	  Capacity	  
Unlike	  other	  species	  where	  oxygen	  delivery	  may	  be	  improved	  by	  a	  rise	  in	  
haemoglobin20,	  30,	  the	  haemoglobin	  concentration	  in	  humans	  increases	  by	  no	  more	  
than	  15%	  in	  response	  to	  upright	  exercise31	  This	  is	  largely	  as	  a	  result	  of	  a	  reduction	  in	  
plasma	  volume	  resulting	  from	  extravasation	  of	  fluid	  from	  the	  capillaries	  during	  
exercise32.	  In	  addition,	  arterial	  oxygen	  tension	  and	  saturation	  are	  generally	  
unchanged	  during	  different	  grades	  of	  exercise	  in	  normal	  humans31.	  
Myocardial	  Oxygen	  Extraction	  
In	  many	  species	  the	  increase	  in	  oxygen	  delivery	  to	  the	  heart	  does	  not	  meet	  demand	  
thereby	  requiring	  an	  increase	  in	  oxygen	  extraction.	  	  In	  humans	  this	  increase	  is	  
relatively	  small	  due	  to	  the	  high	  levels	  of	  basal	  extraction	  attained	  at	  rest31,	  33.	  The	  
decrease	  in	  blood	  pH	  resulting	  from	  lactate	  production	  by	  working	  skeletal	  muscle	  
has	  been	  reported	  to	  cause	  a	  rightward	  shift	  of	  the	  haemoglobin	  oxygen	  dissociation	  
curve	  thereby	  facilitating	  oxygen	  delivery	  to	  the	  myocardium,	  with	  an	  observed	  8%	  
drop	  in	  coronary	  venous	  oxygen	  content,	  but	  minimal	  change	  in	  coronary	  oxygen	  
venous	  tension	  during	  exercise27,	  34.	  Although	  the	  vast	  majority	  of	  increased	  oxygen	  
demands	  are	  met	  through	  increased	  blood	  flow,	  several	  mechanisms	  are	  thought	  to	  
contribute	  to	  this	  need	  for	  increased	  oxygen	  extraction.	  	  Adrenergic-­‐mediated	  
vasoconstriction	  may	  attenuate	  the	  maximal	  increase	  in	  coronary	  blood	  flow	  during	  
exercise	  and	  hence	  contribute	  to	  the	  need	  for	  increased	  oxygen	  extraction.	  	  Studies	  
using	  α-­‐adrenergic	  blocking	  agents	  showed	  an	  increase	  in	  myocardial	  blood	  flow	  
during	  exercise	  with	  a	  corresponding	  fall	  in	  myocardial	  oxygen	  extraction35,	  36.	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Figure	  4. A	  schematic	  overview	  of	  the	  effect	  of	  exercise	  on	  myocardial	  oxygen	  balance.	  
Shown	  are	  the	  contributions	  of	  the	  variables	  to	  the	  exercise-­‐induced	  increase	  in	  myocardial	  
oxygen	  demand	  (ΔO2	  demand)	  and	  supply	  (ΔO2	  supply).	  PPERFUSION	  =coronary	  perfusion	  
pressure;	  RCORONARY	  =coronary	  vascular	  resistance;	  PTISSUE	  =intramyocardial	  tissue	  pressure;	  
[O2]ART	  =arterial	  oxygen	  content;	  [O2]CV	  =coronary	  venous	  oxygen	  content;	  [Hb]	  =haemoglobin	  
content;	  O2	  sat	  =oxygen	  saturation.	  [Adapted	  from	  Dunker	  et	  al,	  p.1012
37]	  
	  
1.1.2.3 Determinants	  of	  Coronary	  Blood	  Flow	  
Autoregulation	  	  
Autoregulation	  is	  defined	  as	  the	  capacity	  to	  maintain	  constant	  blood	  flow	  in	  the	  face	  
of	  a	  change	  in	  perfusion	  pressure	  (with	  constant	  metabolic	  needs).	  	  In	  the	  
myocardium	  so-­‐called	  autoregulation	  curves	  demonstrate	  this	  phenomenon.	  When	  
coronary	  perfusion	  pressure	  is	  decreased,	  but	  still	  within	  the	  physiological	  range,	  
progressive	  vasodilatation	  of	  the	  resistance	  vessels	  ensures	  that	  coronary	  flow	  is	  
maintained.	  The	  plateau	  of	  the	  autoregulation	  curve	  shifts	  upwards	  with	  an	  increase	  
in	  metabolic	  demand.	  At	  a	  given	  perfusion	  pressure,	  coronary	  flow	  reserve	  (CFR,	  the	  
ratio	  of	  maximum	  to	  basal	  coronary	  blood	  flow)	  can	  be	  determined	  from	  the	  
difference	  in	  flow	  as	  dictated	  by	  the	  pressure-­‐flow	  lines	  in	  the	  presence	  of	  
autoregulatory	  mechanisms	  and	  maximal	  vasodilatation.	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Coronary	  Vascular	  Resistance	  
While	  the	  increased	  blood	  flow	  to	  the	  heart	  is	  in	  part	  due	  to	  the	  increased	  effective	  
perfusion	  pressure	  the	  majority	  of	  increase	  in	  coronary	  blood	  flow	  is	  mediated	  
through	  a	  reduction	  in	  coronary	  vascular	  resistance.	  Total	  coronary	  resistance	  is	  the	  
sum	  of	  both	  passive	  (structural)	  and	  active	  (smooth	  muscle	  tone)	  components.	  In	  the	  
completely	  vasodilated	  bed,	  flow	  to	  the	  different	  regions	  of	  the	  heart	  is	  determined	  
by	  the	  cross-­‐sectional	  area	  of	  the	  vessels,	  the	  length	  of	  the	  vasculature,	  and	  the	  
number	  of	  parallel	  vessels	  that	  supply	  a	  defined	  perfusion	  territory.	  Blood	  flow	  has	  3	  
major	  resistance	  components:	  the	  epicardial	  vessel	  (R1),	  the	  small	  arteries	  and	  
arterioles	  (R2)	  and	  the	  intramyocardial	  capillary	  system	  (R3).	  When	  coronary	  reserve	  
is	  normal	  these	  3	  resistances	  are	  assumed	  to	  be	  functioning	  normally.	  In	  patients	  
without	  atherosclerosis,	  the	  large	  epicardial	  vessel	  resistance	  (R1)	  is	  trivial.	  Arteries	  
with	  diameter	  >400μm	  have	  only	  minimal	  resistance.	  It	  is	  suggested	  that	  90%	  of	  the	  
adjustment	  of	  coronary	  resistance	  that	  controls	  autoregulation	  resides	  in	  the	  small	  
(<400μm)	  resistance	  vessels,	  due	  to	  the	  integrated	  response	  of	  several	  mechanisms.	  	  
The	  myogenic	  response	  describes	  the	  property	  of	  these	  small	  resistance	  vessels	  to	  
respond	  to	  a	  change	  in	  transmural	  pressure	  by	  changing	  tone,	  resulting	  in	  a	  diameter	  
change	  in	  a	  direction	  opposite	  to	  the	  pressure	  stimulus38,	  39.	  When	  the	  vasodilatory	  
capacity	  of	  these	  vessels	  is	  exhausted	  and	  vasomotor	  tone	  is	  absent	  during	  
ischaemic	  heart	  disease	  or	  following	  administration	  of	  vasodilators,	  then	  the	  vessels	  
react	  passively	  to	  changes	  in	  intraluminal	  pressure	  and	  their	  diameter	  changes	  in	  the	  
same	  direction	  as	  intraluminal	  pressure40,	  41.	  	  
Flow	  dependent	  dilatation	  refers	  to	  the	  property	  of	  endothelial	  cells	  to	  respond	  to	  an	  
increase	  in	  blood	  flow	  by	  releasing	  nitric	  oxide	  (NO),	  which	  relaxes	  smooth	  muscle	  
tone	  and	  induces	  vasodilatation.	  Endothelial	  dependent	  hyperpolarizing	  factor	  
(EDHF)	  may	  act	  as	  a	  reserve	  for	  the	  NO-­‐mediated	  flow-­‐dependent	  dilatation	  
mechanism42.	  	  
1.1.2.4 Transmural	  Redistribution	  of	  Myocardial	  Blood	  Flow	  
There	  is	  abundant	  proof	  that	  coronary	  perfusion	  is	  impeded	  by	  cardiac	  contraction,	  a	  
process	  known	  as	  coronary	  systolic	  flow	  impediment	  (CSFI)43,	  44.	  	  This	  means	  that	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during	  basal	  conditions	  coronary	  arterial	  blood	  flow	  occurs	  predominantly	  during	  
diastole.	  
However,	  during	  heavy	  exercise	  due	  to	  high	  heart	  rates	  there	  is	  a	  progressive	  
increase	  in	  systolic	  flow	  such	  that	  up	  to	  40-­‐50%	  of	  coronary	  blood	  flow	  may	  occur	  
during	  systole20,	  45.	  This	  has	  important	  implications	  for	  the	  transmural	  distribution	  of	  
blood	  flow,	  where	  the	  effects	  of	  ventricular	  extravascular	  compression	  have	  a	  
disproportionate	  effect	  on	  the	  subendocardium.	  During	  exercise	  there	  is	  a	  
redistribution	  of	  blood	  away	  from	  the	  subendocardial	  region	  towards	  the	  
epicardium46.	  	  	  
The	  Effect	  of	  Extravascular	  Compressive	  Forces	  
The	  pressure	  drop	  across	  the	  coronary	  vascular	  bed	  determines	  its	  effective	  
perfusion	  pressure,	  with	  the	  proximal	  pressure	  equal	  to	  central	  aortic	  pressure.	  The	  
effective	  backpressure,	  however,	  cannot	  be	  simply	  derived	  from	  right	  atrial	  pressure	  
because	  of	  the	  extravascular	  forces	  exerted	  on	  the	  compressible	  intramural	  coronary	  
vessels	  by	  the	  surrounding	  myocardium.	  	  The	  “vascular	  waterfall”	  and	  model	  
addresses	  the	  interaction	  between	  the	  intravascular	  distending	  pressure	  and	  the	  
extravascular	  compressive	  forces	  that	  occur	  during	  systole43,	  44,	  47,	  48.	  It	  assumes	  that	  
the	  radial	  stress	  in	  the	  ventricular	  wall	  generates	  a	  tissue	  pressure	  that	  varies	  over	  
the	  myocardial	  wall,	  from	  LV	  pressure	  at	  the	  endocardium	  to	  thoracic	  pressure	  at	  
the	  epicardium.	  	  	  It	  further	  assumes	  that	  this	  tissue	  pressure	  acts	  on	  the	  outer	  
surface	  of	  the	  intramural	  vessels	  as	  a	  fluid	  pressure.	  If	  tissue	  pressure	  happens	  to	  
exceed	  coronary	  arterial	  pressure,	  then	  coronary	  flow	  would	  cease	  altogether.	  With	  
a	  lower	  tissue	  pressure	  only	  intramural	  veins	  would	  collapse	  locally	  and	  at	  this	  point	  
intramural	  pressure	  would	  equal	  tissue	  pressure.	  Flow,	  therefore,	  would	  be	  equal	  to	  
the	  difference	  between	  arterial	  and	  tissue	  pressure	  divided	  by	  the	  vascular	  
resistance	  between	  coronary	  main	  artery	  and	  the	  point	  of	  collapse.	  	  Thus,	  during	  
systole,	  the	  contracting	  myocardium	  generates	  a	  high	  level	  of	  intramyocardial	  
pressure	  that	  compresses	  the	  microvasculature	  resulting	  in	  the	  attenuation	  of	  flow.	  
Conversely,	  during	  diastole,	  intraventricular	  pressures	  transmitted	  into	  the	  left	  
ventricular	  wall	  exert	  a	  small	  compressive	  force	  on	  the	  intramural	  vascular	  network,	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creating	  the	  so-­‐called	  “waterfalls”	  at	  the	  level	  of	  the	  arterioles	  and	  venules47,	  49.	  	  
While	  the	  vascular	  waterfall	  model	  provides	  a	  good	  framework	  to	  explain	  transmural	  
flow	  heterogeneity	  it	  ignores	  the	  variations	  in	  resistance	  during	  the	  cardiac	  cycle	  and	  
cannot	  account	  for	  retrograde	  systolic	  blood	  flow50.	  The	  “intramyocardial	  pump”	  
model	  is	  probably	  the	  best	  model	  to	  incorporate	  the	  dynamics	  of	  the	  cardiac	  cycle.	  	  
It	  includes	  the	  compliance	  of	  the	  intramural	  vessels	  and	  attributes	  systolic-­‐diastolic	  
variations	  in	  coronary	  flow	  to	  an	  active	  intramyocardial	  pump	  and	  not	  resistances	  
varying	  over	  the	  cardiac	  cycle43.	  	  The	  phasic	  variation	  in	  coronary	  flow	  and	  pressure	  
during	  the	  cardiac	  cycle	  is	  complex	  and	  will	  be	  discussed	  in	  greater	  detail	  in	  Chapter	  
5.	  
Coronary	  Pressure-­‐Flow	  Relationship	  During	  Exercise	  
The	  observation	  that	  coronary	  blood	  flow	  during	  exercise	  can	  be	  further	  augmented	  
with	  a	  pharmacological	  or	  ischaemic	  vasodilator	  stimulus	  suggests	  that,	  in	  the	  
normal	  heart,	  maximal	  exercise	  does	  not	  the	  result	  in	  the	  exhaustion	  of	  coronary	  
vasodilator	  reserve.	  Studies	  have	  demonstrated	  in	  dogs	  and	  swine	  a	  reactive	  
hyperaemia	  to	  brief	  episodes	  of	  coronary	  occlusion	  resulting	  in	  an	  increase	  in	  blood	  
flow	  during	  maximal	  exercise51,	  52.	  Similarly,	  intravenous	  administration	  of	  adenosine	  
resulted	  in	  a	  15-­‐26%	  increase	  in	  myocardial	  blood	  flow	  during	  maximal	  exercise	  in	  
swine	  despite	  a	  fall	  in	  arterial	  pressure45,	  53.	  	  	  It	  has	  been	  demonstrated	  that	  such	  
pharmacological	  induced	  increases	  of	  coronary	  blood	  flow	  during	  exercise	  can	  
enhance	  contractile	  function	  (known	  as	  the	  Gregg	  effect)7,	  44.	  	  
Overall	  the	  increase	  in	  extravascular	  compressive	  forces	  during	  exercise	  is	  unlikely	  to	  
be	  of	  physiological	  significance	  in	  the	  normal	  coronary	  circulation	  because	  of	  the	  fact	  
that	  coronary	  vasodilator	  capacity	  reserve	  persists	  even	  during	  maximal	  exercise46,	  53,	  
54.	  However,	  when	  the	  oxygen-­‐carrying	  capacity	  of	  the	  blood	  is	  reduced	  by	  anaemia	  
or	  hypoxia	  or	  when	  obstructive	  atherosclerotic	  coronary	  disease	  reduces	  vascular	  
calibre	  and	  reactivity	  then	  the	  increased	  vascular	  forces	  produced	  by	  exercise	  can	  
produce	  significant	  restriction	  of	  coronary	  flow	  rates.	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1.1.3 Coronary	  Blood	  Flow	  and	  Exercise:	  In	  the	  Presence	  of	  Coronary	  
Stenoses	  
1.1.3.1 Functional	  Effect	  of	  an	  Epicardial	  Stenosis	  on	  Coronary	  Flow	  
Normally	  the	  large	  epicardial	  coronary	  “conductance”	  vessels	  contribute	  little	  to	  
total	  coronary	  resistance.	  However,	  autoregulation	  becomes	  clinically	  important	  
when	  vessels	  become	  narrowed	  due	  to	  atherosclerotic	  disease.	  	  Such	  stenoses	  may	  
result	  in	  a	  variety	  of	  shapes	  and	  forms	  and	  may	  be	  rigid	  or	  compliant55.	  	  The	  
haemodynamic	  effect	  of	  a	  particular	  stenosis	  can	  be	  determined	  by	  the	  equation	  
(see	  p.16	  KT),	  where	  Q	  is	  the	  flow	  through	  the	  lesion	  and	  A,	  B	  and	  C	  are	  constants	  
that	  depend	  on	  the	  geometry	  of	  the	  lesion	  and	  the	  viscous	  properties	  of	  the	  blood;	  
where	  all	  are	  critically	  dependent	  on	  the	  inverse	  fourth	  power	  of	  the	  diameter	  of	  the	  
stenosis56.	  The	  first	  term	  of	  the	  equation	  corresponds	  to	  the	  law	  of	  Poisuille	  and	  
describes	  the	  pressure	  drop	  because	  of	  the	  viscous	  friction	  exerted	  on	  the	  blood	  
stream	  by	  the	  stenotic	  wall.	  The	  second	  non-­‐linear	  term	  refers	  to	  the	  pressure	  loss	  
caused	  by	  the	  convergence	  and	  divergence	  of	  flow	  as	  it	  enters	  and	  leaves	  the	  
stenosis	  respectively.	  According	  to	  the	  law	  of	  Bernoulli,	  velocity	  is	  increased	  and	  
therefore	  pressure	  must	  be	  decreased	  as	  the	  blood	  flow	  enters	  the	  stenosis.	  	  At	  the	  
exit,	  because	  of	  the	  increase	  in	  area	  flow	  velocity	  drops	  and	  this	  is	  accompanied	  by	  a	  
partial	  pressure	  recovery,	  but	  some	  energy	  is	  permanently	  lost	  due	  to	  flow	  
separation	  and	  eddy	  formation	  at	  the	  downstream	  end	  of	  the	  stenosis.	  	  Because	  of	  
these,	  pressure-­‐drop	  increases	  quadrantically	  with	  flow	  	  (version	  of	  figure	  2.9	  KT	  
p.16	  and	  also	  one	  of	  flow	  diagram	  of	  stenosis).	  A	  direct	  result	  of	  this	  is	  that	  stenosis	  
resistance	  (ΔP/Q)	  is	  flow	  dependent.	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Figure	  5. A	  schematic	  of	  a	  coronary	  stenosis	  showing	  the	  two	  main	  sources	  of	  pressure	  loss	  
as	  blood	  flows	  through	  the	  stenosis.	  1)	  frictional	  loss,	  and	  2)	  inertial	  loss	  stemming	  from	  the	  
sudden	  expansion	  at	  the	  exit	  of	  the	  stenosis	  causing	  flow	  separation	  and	  eddies	  [adapted	  
from	  Kern	  et	  al	  figure	  1	  p.132357].	  	  
	  
	  
Figure	  6. The	  quadratic	  nature	  of	  the	  stenosis	  pressure	  drop-­‐velocity	  relationship	  illustrated	  
by	  data	  obtained	  in	  a	  vessel	  of	  a	  patient	  with	  a	  moderate	  coronary	  stenosis	  (shown	  in	  closed	  
circles)	  and	  in	  a	  normal	  reference	  vessel	  (open	  circles)	  using	  a	  dual	  sensor	  guidewire.	  Data	  
points	  represent	  mean	  values	  of	  consecutive	  beats,	  from	  baseline	  to	  hyperaemia	  induced	  by	  
i.c.	  adenosine	  injection	  [adapted	  from	  Kern	  el	  at	  figure	  2	  p.132357]	  	  
When	  the	  narrowing	  reaches	  over	  50%	  of	  the	  luminal	  diameter,	  the	  increase	  in	  
proximal	  resistance	  causes	  a	  decrease	  in	  distal	  coronary	  perfusion	  pressure.	  	  In	  this	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situation,	  autoregulation	  can	  preserve	  coronary	  blood	  flow,	  but	  maximum	  coronary	  
blood	  flow	  (such	  as	  measured	  during	  intracoronary	  infusion	  of	  adenosine)	  is	  
reduced.	  Consequently	  CFR,	  is	  reduced.	  	  When	  a	  diameter	  stenosis	  becomes	  so	  
severe	  as	  to	  reduce	  distal	  perfusion	  pressure	  to	  below	  40mmHg	  during	  resting	  
conditions,	  then	  endogenous	  vasodilator	  reserve	  becomes	  exhausted	  resulting	  in	  
myocardial	  hypoperfusion	  and	  subsequent	  ischaemia58,	  59.	  	  	  
1.1.3.2 Subendocardial/Subepicardial	  Coronary	  Perfusion	  
When	  autoregulation	  is	  intact	  then	  flow	  distribution	  between	  these	  different	  layers	  
is	  maintained	  in	  a	  relatively	  homogenous	  manner60.	  	  This	  is	  achieved	  by	  the	  
appropriate	  adjustment	  of	  vascular	  resistance	  at	  a	  local	  level	  and,	  provided	  that	  the	  
vasodilatory	  capacity	  of	  the	  resistance	  vessels	  in	  the	  subendocardium	  is	  sufficient,	  
demand	  and	  supply	  can	  still	  be	  matched	  in	  this	  myocardial	  layer.	  	  
Coronary	  Steal	  
Autoregulatory	  reserve,	  however,	  is	  not	  distributed	  evenly	  across	  the	  LV	  wall	  and	  
perfusion	  to	  the	  subendocardium	  is	  more	  impeded	  by	  myocardial	  contraction	  than	  
subepicardial	  flow43.	  This	  causes	  the	  lower	  limb	  of	  the	  autoregulatory	  curve	  to	  be	  
shifted	  to	  the	  right	  compared	  to	  that	  in	  the	  subepicardial	  layers	  as	  is	  illustrated	  in	  
the	  figure	  below.	  	  This	  also	  demonstrates	  the	  phenomenon	  of	  “coronary	  steal”.	  	  In	  
this	  situation,	  intracoronary	  infusions	  of	  adenosine	  (or	  dipyridomole)	  in	  the	  presence	  
of	  a	  severe	  stenosis	  where	  the	  subendocardial	  vasodilatory	  reserve	  is	  exhausted	  
results	  in	  enhanced	  subepicardial	  flow,	  thereby	  increasing	  the	  pressure	  gradient	  
across	  the	  stenosis	  and	  further	  attenuating	  subendocardial	  flow	  through	  the	  
consequent	  reduction	  in	  distal	  perfusion	  pressure59,	  61.	  
When	  myocardial	  exercise	  oxygen	  consumption	  increases	  during	  exercise	  then	  the	  
autoregulatory	  curve	  will	  be	  shifted	  upwards	  (see	  figure	  above).	  During	  exercise,	  the	  
increased	  heart	  rate	  causes	  more	  systolic	  blood	  flow	  and	  results	  in	  an	  increase	  in	  
average	  myocardial	  tissue	  pressure,	  particularly	  in	  the	  subendocardial	  layers.	  	  This	  
explains	  why	  a	  subcritical	  coronary	  lesion	  can	  have	  little	  or	  no	  effect	  during	  resting	  
conditions	  but	  can	  result	  in	  selective	  subendocardial	  hypoperfusion	  during	  exercise	  
stress.	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Figure	  7. Coronary	  pressure-­‐
flow	  curve	  in	  the	  subepicardial	  (Epi)	  and	  
subendocardial	  (Endo)	  layers	  during	  
autoregulation	  (auto)	  or	  during	  maximal	  
hyperaemia	  with	  adenosine	  (max),	  at	  
rest	  (top	  panel)	  and	  during	  exercise	  
stress	  (bottom	  panel).	  	  The	  panel	  on	  the	  
top	  shows	  myocardial	  blood	  flow	  during	  
resting	  conditions	  in	  the	  presence	  of	  a	  
normal	  coronary	  vessel	  (a	  and	  a’),	  with	  
a	  moderate	  stenosis	  (b	  and	  b’)	  and	  with	  
a	  severe	  coronary	  stenosis	  (c	  and	  c’).	  	  
Note	  that	  the	  distal	  perfusion	  pressure	  
decreases	  with	  increasing	  stenosis	  
severity	  with	  a	  reduction	  in	  coronary	  
flow	  reserve	  (CFR).	  	  Coronary	  steal	  
occurs	  in	  c	  where	  subepicardial	  
perfusion	  is	  enhanced	  at	  the	  further	  
expense	  of	  the	  subendocardial	  layer.	  	  
The	  bottom	  panel	  shows	  blood	  flow	  in	  a	  
normal	  vessel	  (a	  and	  a”)	  and	  the	  
presence	  of	  a	  moderate	  stenosis	  (b	  and	  
b”).	  Exercise	  causes	  an	  upward	  shift	  of	  
the	  autoregulatory	  plateau	  and	  in	  the	  
presence	  of	  a	  stenosis,	  the	  rightward	  
shift	  of	  the	  subendocardial	  pressure-­‐
maximal	  flow	  relation	  causes	  flow	  to	  
decrease	  in	  this	  layer	  while	  
subepicardial	  blood	  flow	  shows	  a	  
normal	  response	  [adapted	  from	  figure	  
27	  p.1049	  Duncker	  et	  al37].	  
	  
The	  Influence	  of	  Diastolic	  Time	  Fraction	  on	  Subepicardial	  Perfusion	  
Coronary	  blood	  flow	  occurs	  predominantly	  during	  diastole62	  and	  is	  therefore	  
critically	  dependent	  on	  diastolic	  duration.	  Diastolic	  time	  fraction	  (DTF)	  is	  the	  relative	  
duration	  of	  diastole	  with	  respect	  to	  the	  cardiac	  cycle	  and	  decreases	  with	  increasing	  
heart	  rate	  both	  in	  healthy	  humans	  and	  in	  patients	  with	  obstructive	  coronary	  artery	  
disease63.	  	  In	  the	  absence	  of	  coronary	  stenosis	  and	  myocardial	  hypertrophy,	  
coronary	  blood	  flow	  increases	  proportionally	  as	  diastolic	  perfusion	  time	  decreases	  
during	  stress	  tests64,	  65.	  This	  is	  primarily	  due	  to	  a	  reduction	  in	  coronary	  vascular	  
resistance	  through	  vasodilatation,	  which	  maintains	  uniform	  net	  transmural	  perfusion	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even	  if	  there	  is	  a	  marked	  reduction	  in	  diastolic	  perfusion	  time	  or	  higher	  heart	  rate60,	  
66.	  	  In	  the	  presence	  of	  significant	  coronary	  artery	  disease,	  however,	  during	  stress	  
these	  autoregulatory	  mechanisms	  are	  exhausted67,	  68	  and	  subendocardial	  perfusion	  
becomes	  inversely	  dependent	  on	  heart	  rate	  and	  decreases	  with	  decreasing	  DTF,	  
whereas	  subepicardial	  perfusion	  is	  minimally	  affected60,	  66,	  69.	  Importantly,	  while	  
diastolic	  perfusion	  time	  was	  found	  to	  be	  closely	  related	  to	  stenosis	  severity	  at	  the	  
onset	  of	  stress-­‐induced	  myocardial	  ischaemia	  in	  humans,	  no	  correlation	  was	  found	  
between	  DTF	  and	  heart	  rate	  at	  the	  ischaemic	  threshold70.	  	  	  At	  a	  given	  heart	  rate,	  the	  
decrease	  in	  DTF	  at	  the	  ischaemic	  threshold	  was	  more	  marked	  in	  supine	  rather	  than	  
in	  upright	  exercise	  and	  more	  notable	  in	  exercise	  than	  in	  atrial	  pacing.	  This	  variation	  
reflects	  differences	  between	  the	  stressors	  that	  result	  from	  changes	  in	  left	  ventricular	  
loading	  conditions	  and	  sympathetic	  nervous	  system	  activity	  that	  have	  been	  shown	  to	  
influence	  systolic	  duration	  and	  consequently	  diastolic	  perfusion	  time,	  especially	  at	  
the	  onset	  of	  ischaemia71-­‐73.	  By	  accounting	  for	  the	  amount	  of	  diastole	  (i.e.	  supply)	  
relative	  to	  that	  of	  systole	  (i.e.	  demand),	  this	  would	  explain	  why	  DTF	  is	  a	  much	  better	  
parameter	  for	  predicting	  subendocardial	  ischaemia	  than	  heart	  rate	  alone.	  	  	  
There	  is	  thought	  to	  be	  an	  inverse	  nonlinear	  relation	  between	  DTF	  and	  intracoronary	  
pressure	  and	  flow	  suggesting	  a	  possible	  protective	  mechanism	  whereby	  DTF	  
increases	  when	  coronary	  perfusion	  is	  impaired	  distal	  to	  a	  stenosis74.	  	  Such	  a	  
mechanism	  may	  explain	  the	  clinical	  benefit	  of	  betablockers	  where	  the	  
administration	  of	  urapidil,	  a	  selective	  α1-­‐blocker,	  following	  coronary	  angioplasty	  
resulted	  in	  a	  significant	  prolongation	  in	  the	  DTF	  that	  was	  independent	  of	  heart	  
rate75.	  
Is	  Coronary	  Vasodilatation	  Maximal	  During	  Myocardial	  Ischaemia?	  
It	  is	  known	  from	  the	  descriptions	  of	  coronary	  steal	  that	  vasodilatory	  reserve	  can	  exist	  
in	  the	  subepicardium	  in	  the	  presence	  of	  a	  coronary	  stenosis	  causing	  subendocardial	  
ischaemia,	  but	  what	  is	  more	  uncertain	  is	  whether	  residual	  coronary	  reserve	  exists	  
within	  these	  ischaemic	  subendocardial	  regions.	  It	  has	  been	  traditionally	  assumed	  
that	  ischaemic	  stress	  induces	  maximal	  vasodilatation,	  overriding	  any	  persistent	  and	  
opposing	  vasoconstrictor	  control.	  	  Studies,	  however,	  have	  shown	  that	  this	  is	  not	  the	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case	  with	  recruitable	  subendocardial	  vasodilator	  reserve	  still	  present	  even	  under	  
conditions	  of	  stress-­‐induced	  ischaemia	  due	  to	  a	  flow-­‐limiting	  coronary	  stenosis76-­‐79.	  	  
When	  the	  coronary	  pressure	  distal	  to	  the	  stenosis	  was	  maintained	  at	  a	  constant	  
level,	  an	  intracoronary	  adenosine	  infusion	  was	  found	  to	  increase	  subendocardial	  
flow	  by	  50%	  and	  subsequently	  enhance	  contractile	  function79.	  Such	  recruitment	  has	  
been	  shown	  to	  be	  most	  significant	  under	  conditions	  of	  increased	  sympathetic	  drive,	  
in	  particular	  during	  treadmill	  exercise80.	  This	  is	  consistent	  with	  the	  finding	  that	  
residual	  vasomotor	  tone	  during	  ischaemia	  has	  been	  found	  to	  reside	  within	  the	  small	  
arteriolar	  resistance	  vessels	  of	  the	  subendocardium	  suggesting	  that	  this	  reserve	  is	  
under	  the	  influence	  of	  α-­‐adrenoreceptor	  stimulation	  that	  is	  not	  under	  local	  
metabolic	  control81.	  	  	  
1.1.4 Systemic	  Arterial	  Blood	  Flow	  
1.1.1.1 Central	  vs.	  Peripheral	  Blood	  Pressures	  
Traditionally,	  blood	  pressure	  is	  measured	  by	  cuff	  sphygmomanometry	  at	  the	  brachial	  
artery.	  However,	  there	  is	  variation	  in	  blood	  pressure	  throughout	  the	  arterial	  tree,	  
with	  systolic	  blood	  pressure	  increasing	  towards	  the	  periphery,	  while	  diastolic	  and	  
mean	  arterial	  pressures	  remain	  relatively	  constant.	  The	  overall	  effect	  is	  the	  
amplification	  of	  pulse	  pressure	  from	  the	  aorta	  to	  the	  brachial	  artery.	  Therefore,	  
blood	  pressure	  obtained	  peripherally	  is	  not	  representative	  of	  central	  blood	  
pressure82.	  It	  has	  been	  demonstrated	  that	  during	  exercise,	  aortic	  systolic	  blood	  
pressure	  may	  be	  overestimated	  by	  as	  much	  as	  80	  mmHg	  if	  only	  brachial	  systolic	  
blood	  pressure	  is	  considered83.	  The	  variation	  in	  pulse	  pressure	  throughout	  the	  
arterial	  tree	  is	  likely	  to	  be	  clinically	  important	  because	  the	  heart,	  coronary	  and	  
carotid	  arteries	  are	  influenced	  by	  central,	  not	  peripheral	  blood	  pressure.	  Indeed,	  it	  is	  
central	  blood	  pressure	  that	  determines	  left	  ventricular	  workload84	  and	  correlates	  
with	  carotid	  artery	  intima-­‐media	  thickness85,	  both	  of	  which	  are	  independent	  
predictors	  of	  mortality.	  Moreover,	  central	  blood	  pressure	  is	  a	  stronger	  predictor	  of	  
all-­‐cause	  mortality	  in	  high-­‐risk	  patients	  with	  cardiovascular	  disease	  than	  peripheral	  
blood	  pressure86.	  However,	  the	  difference	  between	  central	  and	  peripheral	  pressure	  
varies	  with	  a	  number	  of	  factors,	  including	  age,	  gender	  and	  heart	  rate87.	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1.1.4.1 Propagation	  and	  Reflection	  of	  Pressure	  Waves	  
Central	  pressure	  waves	  generated	  during	  the	  cardiac	  cycle	  are	  propagated	  along	  the	  
arterial	  tree	  and	  return	  as	  reflected	  waves	  to	  interact	  with	  the	  out-­‐going	  incident	  
waves.	  	  This	  results	  in	  characteristic	  waveform	  morphology,	  which	  is	  subject	  to	  
modification	  by	  various	  homeostatic	  and	  environmental	  factors	  and	  changes	  with	  
increasing	  distance	  from	  the	  heart.	  A	  typical	  central	  pressure	  waveform	  is	  shown	  in	  
Figure	  8	  below.	  	  
1.1.4.2 Changes	  in	  Arterial	  Pressure	  in	  Response	  to	  Exercise	  
Reduced	  Pressure	  Augmentation	  
Arterial	  pressure	  during	  exercise	  is	  largely	  dependent	  on	  the	  function	  of	  large	  elastic	  
and	  muscular	  arteries.	  	  Exercise	  induces	  marked	  changes	  in	  the	  arterial	  waveform,	  
similar	  to	  those	  changes	  induced	  by	  nitrovasodilators88	  with	  a	  reduction	  in	  
augmentation	  of	  the	  central	  and	  peripheral	  pulse	  waveforms	  and	  a	  reduction	  in	  
central	  systolic	  pressure	  and	  central	  pulse	  pressure	  to	  a	  greater	  degree	  than	  
peripheral	  pressure88,	  89.	  These	  effects	  are	  thought	  to	  be	  due	  to	  a	  reduction	  of	  
pressure	  wave	  reflection	  from	  peripheral	  to	  central	  arteries	  by	  vasodilatation	  of	  
muscular	  arteries.	  	  The	  changes	  in	  arterial	  waveform	  increase	  with	  increasing	  
intensity	  of	  exercise	  and	  persist	  for	  up	  to	  60	  minutes	  into	  recovery.	  These	  changes	  
appear	  to	  be	  independent	  of	  heart	  rate	  and	  other	  changes	  in	  ventricular	  ejection	  
characteristics	  that	  occur	  acutely	  during	  exercise	  as	  the	  changes	  in	  waveform	  
morphology	  are	  observed	  well	  after	  the	  heart	  rate	  has	  returned	  to	  baseline.	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Figure	  8. Typical	  resting	  ascending	  aortic	  waveform	  in	  a	  healthy	  middle-­‐aged	  man.	  Two	  
systolic	  peaks	  are	  labeled	  P1	  and	  P2.	  Augmentation	  index	  (AIx),	  a	  measure	  of	  systemic	  
arterial	  stiffness90,	  is	  calculated	  as	  the	  difference	  between	  the	  second	  (P2)	  and	  first	  (P1)	  peaks	  
expressed	  as	  a	  percentage	  of	  the	  pulse	  pressure	  (PP).	  Timing	  of	  the	  reflected	  pressure	  wave	  
(TR)	  is	  determined	  as	  the	  time	  between	  the	  foot	  of	  the	  pressure	  wave	  (TF)	  and	  the	  inflection	  
point	  (Pi)91.	  The	  TR	  denotes	  the	  round-­‐trip	  travel	  time	  of	  the	  pulse	  wave	  to	  peripheral	  
reflecting	  sites	  and	  its	  return	  to	  the	  heart.	  It	  has	  been	  shown	  to	  correlate	  strongly	  with	  aortic	  
pulse	  wave	  velocity92,	  93	  and	  is	  an	  indicator	  of	  aortic	  stiffness.	  The	  area	  under	  the	  aortic	  
systolic	  (tension	  time	  index;	  TTI)	  and	  diastolic	  (diastolic	  time	  index;	  DTI)	  portions	  of	  the	  
pressure	  wave	  is	  determined	  by	  the	  area	  under	  the	  waveform	  during	  systole	  and	  diastole,	  
respectively.	  The	  TTI	  relates	  to	  myocardial	  oxygen	  demand	  and	  DTI	  to	  coronary	  perfusion94.	  	  
Increased	  Pulse	  Wave	  Velocity	  and	  Aortic	  Stiffness	  
Exercise	  also	  produces	  a	  loss	  of	  aortic	  vessel	  wall	  compliance,	  i.e.	  increases	  vessel	  
stiffness	  89,	  95.	  	  During	  exercise,	  increases	  in	  aortic	  pulse	  wave	  velocity	  accompany	  an	  
increase	  in	  mean	  arterial	  pressure,	  a	  key	  determinant	  of	  arterial	  stiffness.	  The	  
concomitant	  increase	  in	  heart	  rate	  is	  unlikely	  to	  contribute	  as	  previous	  data	  indicate	  
that	  when	  heart	  rate	  is	  incrementally	  raised	  with	  cardiac	  pacing,	  there	  is	  no	  change	  
in	  TR	  or	  mean	  arterial	  pressure87.	  The	  relationship	  between	  these	  two	  variables	  has	  
relevance	  because,	  as	  mean	  pressure	  increases,	  there	  is	  a	  change	  in	  the	  type	  of	  
fibres	  that	  sustain	  vessel-­‐wall	  stresses.	  At	  low	  mean	  pressures	  the	  more	  compliant	  
elastin	  fibres	  predominate,	  but	  collagen	  fibres	  are	  progressively	  recruited	  with	  
mounting	  pressure96,	  effectively	  ‘stiffening’	  the	  large	  central	  elastic	  arteries,	  
resulting	  in	  increased	  pulse	  wave	  velocity.	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Figure	  9. A)	  Pressure	  
waveforms	  obtained	  at	  
baseline	  and	  during	  exercise	  
using	  a	  Finapres	  digital	  
monitor.	  Waveforms	  are	  
ensemble	  averages	  of	  10	  
cardiac	  cycles	  and	  are	  shown	  
normalized	  to	  the	  same	  
diastolic	  and	  systolic	  pressures	  
to	  demonstrate	  the	  change	  in	  
morphology.	  Exercise	  resulted	  
in	  a	  reduction	  or	  abolition	  of	  
late	  systolic	  augmentation	  (+)	  
and	  diastolic	  augmentation	  
(♦);	  B)	  similar	  changes	  in	  pulse	  
wave	  morphology	  in	  response	  
to	  nitroglycerin	  (NTG)	  infusion	  
at	  rest.	  	  [Adapted	  from	  Munir	  









1.2 Ischaemic	  Heart	  Disease	  
1.2.1 Warm-­‐Up	  Angina	  
The	  variable	  relation	  between	  exercise	  and	  angina	  has	  been	  recognised	  for	  more	  
than	  200	  years2.	  The	  terms	  “first	  effort”,	  “warm	  up”,	  or	  “first-­‐hole”	  angina,	  have	  
been	  used	  to	  describe	  the	  ability	  of	  some	  patients	  to	  exercise	  to	  angina,	  rest,	  and	  
then	  continue	  exertion	  with	  reduced	  symptoms	  or	  none	  at	  all.	  In	  the	  experimental	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setting,	  the	  salient	  observation	  is	  that	  at	  the	  accumulated	  work	  (exercise	  duration)	  
causing	  max	  ST-­‐segment	  depression	  on	  first	  exercise,	  on	  second	  exercise	  there	  is	  less	  
ST	  depression,	  chest	  pain	  and	  dysrhythmia97.	  The	  traditional	  view	  is	  that	  angina	  is	  
the	  result	  of	  an	  imbalance	  between	  the	  supply	  and	  demand	  of	  the	  myocardium	  for	  
blood98,	  99.	  However,	  the	  mechanisms	  underlying	  the	  warm-­‐up	  phenomenon	  are	  still	  
poorly	  known	  and	  somewhat	  controversial.	  Potential	  causes	  of	  the	  warm-­‐up	  
phenomenon	  include:	  (1)	  an	  improvement	  of	  blood	  flow,	  which,	  in	  turn,	  may	  be	  
caused	  by	  stenosis	  dilation,	  collateral	  recruitment	  or	  myocardial	  perfusion	  
redistribution100-­‐102;	  (2)	  an	  adaptation	  of	  the	  myocardium	  to	  ischaemia,	  such	  as	  that	  
caused	  by	  ischaemic	  preconditioning98,	  103-­‐105;	  and	  (3)	  peripheral	  effects	  causing	  a	  
slower	  increase	  of	  cardiac	  workload,	  such	  as	  seen	  during	  training106	  or	  changes	  in	  
central	  blood	  pressure107.	  	  Initial	  results	  from	  our	  own	  department	  suggest	  that	  
changes	  in	  collateral	  flow	  have	  little	  influence97.	  
Previous	  Studies	  
Okazaki	  et	  al104	  suggested	  that	  the	  benefits	  observed	  during	  the	  warm-­‐up	  
phenomenon	  were	  due	  to	  changes	  in	  regional	  myocardial	  oxygen	  consumption	  
rather	  than	  increases	  in	  blood	  flow.	  The	  investigators,	  however,	  relied	  on	  great	  
cardiac	  vein	  catheterisation	  to	  assess	  flow	  through	  thermodilution	  which	  has	  been	  
shown	  to	  be	  inaccurate	  and	  highly	  dependent	  on	  the	  position	  of	  the	  catheter107.	  In	  
addition,	  because	  it	  only	  assesses	  global	  LV	  myocardial	  flow	  this	  method	  cannot	  
determine	  the	  changes	  that	  may	  occur	  in	  a	  particular	  vessel	  or	  the	  redistribution	  of	  
flow	  between	  the	  different	  myocardial	  layers	  which	  may	  have	  a	  very	  important	  
role108.	  	  Williams	  et	  al103	  performed	  a	  similar	  protocol	  but	  relied	  on	  rapid	  right	  
ventricular	  pacing,	  a	  non-­‐physiological	  surrogate	  for	  exercise,	  	  to	  induce	  tachycardia	  
stress	  in	  a	  small	  group	  of	  stable	  coronary	  disease	  patients	  with	  exertional	  symptoms	  
but	  not	  necessarily	  warm-­‐up	  angina.	  Only	  7	  out	  of	  their	  cohort	  of	  9	  patients	  actually	  
exhibited	  warm-­‐up	  angina	  clinically.	  They	  also	  relied	  on	  great	  cardiac	  vein	  sampling	  
to	  determine	  global	  coronary	  flow	  and	  similarly	  concluded	  to	  the	  Okazaki	  group	  that	  
warm-­‐up	  angina	  could	  not	  be	  explained	  by	  an	  increase	  in	  coronary	  flow	  alone.	  	  See	  
chapter	  XX	  for	  further	  discussion.	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1.2.1.1 Preconditioning	  
Ischaemic	  preconditioning	  (IPC),	  is	  the	  term	  used	  to	  describe	  the	  increased	  
myocardial	  resistance	  to	  ischaemia	  that	  follows	  a	  brief	  episode	  of	  ischaemia109,	  110.	  In	  
animal	  models	  it	  protects	  against	  infarct	  size	  and	  arrhythmias111	  and	  has	  shown	  to	  
have	  a	  similar	  beneficial	  effect	  in	  human	  studies97,	  112.	  Patients	  with	  coronary	  artery	  
disease	  have	  been	  observed	  to	  exercise	  longer	  before	  developing	  angina	  and	  may	  
develop	  less	  angina	  and	  ischaemia	  during	  a	  second	  exercise	  test	  compared	  with	  a	  
first	  test	  when	  these	  tests	  are	  separated	  by	  a	  brief	  rest	  period104,	  113.	  It	  has	  been	  
suggested	  that	  the	  clinical	  observation	  of	  the	  warm-­‐up	  phenomenon	  may	  represent	  
one	  aspect	  of	  IPC	  in	  humans105.	  	  IPC,	  like	  warm-­‐up	  angina	  is	  also	  unexplained	  by	  a	  
down-­‐regulation	  of	  contractile	  function	  or	  an	  increase	  in	  collateral	  myocardial	  
perfusion	  induced	  by	  initial	  exercise114,	  115.	  Warm-­‐up	  angina,	  however,	  does	  not	  
seem	  to	  be	  mediated	  by	  adenosine	  or	  by	  cardiac	  adenosine	  triphosphate-­‐sensitive	  
potassium	  channels116,	  117	  suggesting	  that	  it	  is	  mechanistically	  distinct	  from	  classic	  
ischaemic	  preconditioning.	  	  	  
1.2.1.2 Subendocardial	  Perfusion	  and	  Microvascular	  Function	  
The	  transmural	  distribution	  of	  myocardial	  blood	  flow	  from	  endocardium	  to	  
epicardium	  is	  critical	  during	  exercise	  and	  was	  discussed	  in	  the	  previous	  section.	  
Because	  the	  contractile	  forces	  within	  the	  heart	  have	  a	  disproportionate	  effect	  on	  the	  
subendocardial	  layer	  it	  renders	  it	  much	  more	  sensitive	  to	  ischaemia43.	  When	  
coronary	  blood	  flow	  control	  mechanisms	  are	  intact,	  the	  flow	  distribution	  across	  the	  
myocardium	  is	  relatively	  uniform	  through	  local	  autoregulation	  with	  vasodilatation	  of	  
the	  myocardial	  resistance	  vessels60.	  When	  this	  vasodilatory	  capacity	  is	  exhausted	  
(such	  as	  during	  exercise),	  subendocardial	  conductance	  becomes	  inversely	  dependent	  
on	  heart	  rate	  and	  is	  decreased	  as	  the	  diastolic	  time	  fraction	  (DTF)	  shortens.	  
Subepicardial	  perfusion,	  in	  contrast,	  is	  generally	  unaffected	  by	  these	  changes69.	  DTF	  
is	  the	  relative	  duration	  of	  diastole	  with	  respect	  to	  the	  duration	  of	  the	  heart	  cycle	  and	  
decreases	  with	  increasing	  heart	  rate.	  In	  the	  presence	  of	  a	  coronary	  stenosis,	  the	  
autoregulatory	  mechanisms	  regulating	  myocardial	  blood	  flow	  are	  exhausted	  at	  an	  
earlier	  stage	  during	  exercise	  (or	  even	  at	  rest)	  rendering	  the	  subendocardial	  layer	  
even	  more	  critically	  dependent	  on	  the	  DTF118.	  Changes	  in	  DTF	  have	  been	  found	  to	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reduce	  microvascular	  resistance	  and	  improve	  perfusion69.	  It	  has	  been	  suggested	  that	  
an	  increase	  in	  diastolic	  duration	  during	  ischaemia	  may	  therefore	  be	  an	  important	  
mechanism	  for	  matching	  coronary	  supply	  and	  demand	  of	  oxygen	  by	  simultaneously	  
decreasing	  demand	  and	  increasing	  supply.	  It	  is	  possible	  that	  such	  changes	  contribute	  
to	  the	  protective	  effects	  of	  serial	  exercise	  observed	  during	  warm-­‐up	  angina.	  	  
1.2.1.3 Global	  Ventricular	  Work	  and	  Myocardial	  Stunning	  
It	  has	  been	  suggested	  that	  the	  reduction	  in	  ischaemia	  seen	  on	  second	  exercise	  in	  
patients	  with	  warm-­‐up	  angina	  can	  be	  explained	  by	  enhanced	  vaso-­‐ventricular	  
coupling	  caused	  by	  a	  reduction	  in	  augmentation	  index	  (AI)88	  as	  discussed	  in	  the	  
previous	  section.	  	  Peripheral	  vasodilatation	  causes	  attenuation	  of	  wave	  reflection	  
with	  a	  resultant	  lowering	  of	  central	  systolic	  blood	  pressure	  thereby	  reducing	  global	  
cardiac	  work	  and	  subsequent	  ischaemia.	  To	  date,	  this	  work	  has	  not	  been	  carried	  out	  
but	  remains	  an	  exciting	  possibility.	  	  
Myocardial	  stunning	  occurs	  when	  ischaemic	  insult	  to	  a	  region	  of	  myocardium	  results	  
in	  the	  transient	  reduction	  of	  contractile	  function	  in	  that	  territory	  and	  has	  also	  been	  
suggested	  as	  a	  potential	  mechanism	  for	  warm-­‐up.	  	  With	  less	  contraction	  in	  that	  
region,	  oxygen	  requirements	  are	  reduced	  and	  hence	  the	  ischaemic	  threshold	  raised.	  	  
However,	  work	  has	  shown	  that	  stunned	  areas	  of	  myocardium	  do	  not	  have	  lower	  
rates	  of	  oxygen	  consumption	  and	  are	  just	  as	  sensitive	  to	  myocardial	  infarction119.	  In	  
addition,	  contractile	  dysfunction	  has	  not	  been	  shown	  to	  correlate	  with	  warm-­‐up115,	  
116.	  	  	  
1.2.1.4 Conclusion	  
The	  mechanisms	  of	  the	  phenomenon	  warm-­‐up	  angina	  remain	  elusive.	  Warm-­‐up	  
shares	  many	  characteristics	  with	  ischaemic	  preconditioning	  but	  also	  maintains	  
distinct	  differences,	  which	  suggest	  that	  other	  factors	  may	  predominate.	  	  During	  
repetitive	  exercise,	  differences	  in	  ventricular	  afterload,	  subendocardial	  perfusion	  
and	  microvascular	  resistance	  that	  relate	  to	  the	  propagation	  of	  waves	  within	  the	  
aortic	  and	  coronary	  circulation	  may	  play	  an	  important	  role	  and	  form	  one	  of	  the	  
major	  investigative	  areas	  of	  this	  thesis.	  	  	  
Chapter	  1.	  Background	  
	  
	   35	  
1.2.2 Myocardial	  Infarction	  and	  “No	  Re-­‐Flow”	  
Myocardial	  infarction	  and	  subsequent	  heart	  failure	  constitute	  a	  leading	  cause	  of	  
death	  in	  the	  UK120.	  Prognosis	  after	  AMI	  is	  related	  to	  the	  extent	  of	  myocardial	  injury	  
occurring	  around	  the	  time	  of	  coronary	  occlusion121,	  122.	  It	  is	  known	  that	  patients	  with	  
extensive	  myocardial	  infarction	  are	  at	  risk	  of	  post-­‐infarction	  remodeling	  and	  heart	  
failure123.	  Early	  restoration	  of	  TIMI	  III	  blood	  flow	  through	  the	  infarct	  related	  artery	  is	  
the	  main	  goal	  of	  modern	  treatment124.	  This	  has	  led	  to	  reduction	  of	  infarct	  size,	  
preservation	  of	  left	  ventricular	  (LV)	  function	  and	  improved	  survival125-­‐127.	  Primary	  
angioplasty	  is	  superior	  to	  thrombolysis	  in	  restoration	  of	  TIMI	  III	  flow128.	  Although	  the	  
restoration	  of	  epicardial	  blood	  flow	  does	  improve	  the	  myocardial	  perfusion	  of	  the	  
affected	  area,	  the	  process	  is	  not	  homogenous.	  In	  fact	  25-­‐40%	  of	  patients	  have	  
severely	  impaired	  flow	  at	  tissue	  level	  despite	  restoration	  of	  TIMI	  III	  flow	  in	  the	  infarct	  
related	  artery	  (IRA)129.	  This	  “no-­‐reflow”	  or	  “low-­‐reflow”	  phenomenon	  has	  been	  
documented	  in	  the	  endocardial	  portion	  of	  the	  LV	  wall.	  Electron	  microscopic	  studies	  
of	  tissue	  within	  the	  no-­‐reflow	  region	  reveal	  severe	  microvascular	  damage	  and	  
obstruction	  by	  swollen	  endothelial	  cells	  and	  other	  necrotic	  debris130.	  It	  has	  been	  
demonstrated	  that	  progressive	  microvascular	  impairment	  and	  myocyte	  damage	  
continues	  after	  coronary	  artery	  recanalisation131.	  This	  increase	  was	  found	  to	  occur	  
over	  and	  above	  infarct	  size	  augmentation	  during	  the	  same	  period.	  While	  the	  early	  
reperfusion	  of	  the	  heart	  is	  essential	  to	  prevent	  further	  tissue	  injury	  and	  cell	  necrosis,	  
it	  may	  be	  that	  the	  reintroduction	  of	  blood	  flow	  expedites	  the	  death	  of	  vulnerable,	  
but	  still	  viable,	  myocardial	  tissue.	  
1.2.2.1 Reperfusion	  Injury	  and	  Cardiac	  Protection	  
Lethal	  myocardial	  reperfusion	  injury	  is	  defined	  as	  the	  death	  of	  myocytes,	  alive	  at	  the	  
moment	  of	  reperfusion,	  as	  a	  direct	  result	  of	  one	  or	  more	  events	  initiated	  by	  
reperfusion	  itself132.	  Numerous	  experimental	  studies	  have	  provided	  compelling	  
evidence	  as	  to	  its	  existence	  as	  an	  entity	  and	  animal	  models	  suggest	  that	  50%	  of	  final	  
infarct	  size	  may	  be	  a	  result	  of	  reperfusion	  injury133.	  Hearse	  et	  al.	  first	  introduced	  the	  
so-­‐called	  “oxygen-­‐paradox”	  when	  they	  noted	  significant	  cardiac	  muscle	  enzyme	  
release	  and	  alterations	  in	  ultra	  structure	  when	  isolated	  hearts	  were	  reoxygenated	  
after	  a	  period	  of	  hypoxic	  perfusion134,	  135.	  	  It	  is	  believed	  that	  many	  different	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mechanisms	  are	  involved	  in	  reperfusion	  injury	  in	  a	  highly	  complex	  process	  that	  
occurs	  in	  both	  the	  intracellular	  and	  extracellular	  environments136.	  This	  complexity	  is	  
reflected	  in	  the	  diverse	  array	  of	  physiological	  sequelae	  that	  arise	  including	  
endothelial	  and	  microvascular	  dysfunction,	  metabolic	  and	  contractile	  dysfunction,	  
arrhythmias,	  cellular	  necrosis	  and	  apoptosis137.	  Novel	  therapies	  to	  attenuate	  these	  
processes	  may	  reduce	  final	  infarct	  size	  and	  improve	  outcome.	  Ischaemic	  
preconditioning	  has	  long	  been	  regarded	  as	  the	  gold	  standard	  of	  “cardiac	  protection”.	  
It	  is	  a	  phenomenon	  whereby	  brief	  periods	  of	  myocardial	  ischaemia	  offer	  protection	  
during	  subsequent	  prolonged	  ischaemia.	  	  There	  is	  a	  large	  body	  of	  experimental	  data	  
from	  perfused	  isolated,	  and	  in	  situ	  animal	  hearts	  with	  preconditioning	  resulting	  in	  
substantial	  reductions	  in	  volume	  of	  myocardial	  infarction109.	  	  Studies	  on	  ischaemic	  
preconditioning	  have	  demonstrated	  that	  cell	  death	  cannot	  be	  seen	  as	  a	  mere	  
consequence	  of	  energy	  deficiency;	  preconditioning	  does	  not	  alter	  the	  progression	  of	  
ischaemic	  injury	  but,	  rather,	  modifies	  the	  consequences	  of	  reperfusion	  by	  switching	  
the	  cell	  fate	  from	  death	  to	  survival138,	  139.	  Preconditioning	  has	  proven	  clinical	  benefits	  
in	  settings	  where	  the	  ischaemia	  can	  be	  predicted	  such	  as	  in	  elective	  percutaneous	  
coronary	  intervention	  (PCI),	  cardiac	  surgery	  and	  the	  phenomenon	  of	  warm-­‐up	  
angina140	  (See	  chapter	  5).	  	  The	  unpredictable	  nature	  of	  AMI,	  however,	  means	  that	  
one	  cannot	  pre-­‐empt	  the	  event	  and	  initiate	  an	  intervention	  prior	  to	  it	  occurring.	  
1.2.2.2 Postconditioning	  
Postconditioning	  is	  defined	  as	  rapid	  intermittent	  interruptions	  of	  blood	  flow	  in	  the	  
early	  phase	  of	  reperfusion.	  	  Zhao	  et	  al	  first	  demonstrated	  the	  cardioprotective	  
effects	  of	  postconditioning	  using	  a	  canine	  model	  of	  1	  hour	  coronary	  occlusion	  and	  3	  
hours	  of	  reperfusion141.	  After	  30	  seconds	  of	  reperfusion	  the	  artery	  was	  occluded	  
again	  for	  30s	  with	  the	  cycle	  repeated	  3	  times.	  Compared	  to	  the	  control	  group,	  
postconditioning	  resulted	  in	  significantly	  reduced	  infarct	  size.	  This	  cardioprotective	  
effect	  was	  associated	  with	  an	  improvement	  in	  endothelial	  function,	  a	  reduction	  in	  
tissue	  superoxide	  generation,	  a	  reduction	  in	  cardiac	  apoptosis,	  and	  a	  decrease	  in	  
microvascular	  injury.	  In	  fact,	  the	  infarct	  reduction	  was	  similar	  to	  that	  observed	  in	  a	  
group	  who	  had	  undergone	  ischaemic	  preconditioning.	  Subsequent	  studies	  have	  
confirmed	  a	  similar	  infarct	  size	  reduction	  in	  other	  species	  with	  the	  duration	  of	  the	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alternating	  periods	  of	  reperfusion	  and	  ischaemia	  varying	  from	  species	  to	  species142-­‐
144.	  Common	  to	  all	  is	  the	  time-­‐dependent	  manner	  in	  which	  postconditioning	  must	  be	  
applied	  if	  cardioprotection	  is	  to	  be	  achieved	  and	  post-­‐ischaemic	  injury	  reduced.	  If	  
the	  first	  interruption	  of	  blood	  flow	  was	  applied	  more	  than	  1	  minute	  after	  the	  onset	  
of	  reperfusion	  then	  the	  infarct	  sparing	  effect	  was	  not	  observed143.	  	  There	  are	  many	  
cellular	  and	  molecular	  events	  involved	  in	  the	  pathogenesis	  of	  myocardial	  infarction	  
occurring	  during	  the	  early	  moments	  of	  reperfusion	  that	  are	  thought	  to	  be	  modulated	  
by	  postconditioning,	  including	  the	  activation	  of	  survival	  kinases	  principally	  known	  to	  
attenuate	  the	  pathogenesis	  of	  apoptosis	  and	  possibly	  necrosis145.	  It	  has	  been	  
suggested	  that	  this	  may	  represent	  an	  innate	  final	  common	  pathway	  of	  cardiac	  
protection	  shared	  with	  ischaemic	  preconditioning137.	  Post-­‐ischaemic	  dysfunction,	  or	  
myocardial	  stunning,	  is	  the	  mechanical	  dysfunction	  that	  persists	  after	  reperfusion	  
despite	  the	  absence	  of	  irreversible	  damage	  and	  despite	  restoration	  of	  normal	  or	  
near-­‐normal	  coronary	  flow119.	  Myocardial	  stunning	  is	  thought	  to	  be	  partly	  caused	  by	  
reperfusion	  injury	  but	  also	  partly	  by	  damage	  sustained	  during	  the	  ischaemic	  insult	  
and	  therefore	  less	  amenable	  to	  therapies	  to	  reduce	  reperfusion	  injury146.	  	  
Contrasting	  to	  its	  beneficial	  effects	  on	  reducing	  overall	  myocardial	  infarction	  
postconditioning	  does	  not	  protect	  against	  myocardial	  stunning	  in	  dogs	  and	  
rabbits147.	  Staat	  et	  al	  were	  the	  first	  group	  to	  assess	  the	  benefit	  of	  post-­‐conditioning	  
at	  the	  time	  of	  primary	  angioplasty	  for	  AMI	  in	  humans148.	  	  Compared	  to	  a	  control	  
group	  who	  underwent	  angioplasty	  alone	  they	  demonstrated	  a	  36%	  reduction	  in	  
infarct	  size	  as	  determined	  from	  creatinine	  kinase	  release	  over	  72	  hours	  following	  
reperfusion.	  	  In	  addition,	  myocardial	  blush	  grade,	  an	  angiographic	  marker	  of	  
myocardial	  perfusion,	  was	  significantly	  increased	  in	  postconditioned	  compared	  to	  
control	  subjects	  suggesting	  an	  improvement	  in	  microvascular	  integrity.	  This	  was	  also	  
suggested	  by	  Laskey	  who	  demonstrated	  improved	  ST	  segment	  shift	  and	  improved	  
Doppler-­‐derived	  coronary	  flow	  in	  a	  postconditioned	  group	  of	  patients149.	  Several	  
other	  clinical	  studies	  have	  been	  carried	  out	  since	  using	  varying	  postconditioning	  
protocols	  in	  patients	  at	  the	  time	  of	  reperfusion	  of	  AMI	  and	  a	  consistent	  reduction	  in	  
infarct	  size	  of	  around	  30%	  has	  been	  demonstrated.	  Yang150	  used	  SPECT	  at	  1	  week	  to	  
show	  a	  27%	  reduction	  in	  infarct	  size.	  Ma151	  also	  found	  reduced	  infarct	  size	  based	  on	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CK	  release	  and	  improved	  wall	  motion	  scores	  on	  echo.	  Although	  this	  early	  work	  is	  
encouraging,	  both	  clinical	  and	  animal	  studies	  examining	  postconditioning	  to	  date	  
have	  concentrated	  on	  early	  time	  points	  following	  reperfusion.	  	  It	  has	  been	  suggested	  
that	  many	  of	  the	  mechanisms	  leading	  to	  myocyte	  necrosis	  occur	  some	  time	  after	  
reperfusion152	  and	  that	  post-­‐ischaemic	  injury	  is	  an	  ongoing	  process	  with	  infarct	  
expansion	  continuing	  for	  at	  least	  24	  hours	  following	  onset	  of	  reperfusion131,	  144,	  153.	  
Early	  determination	  of	  infarct	  size	  may	  therefore	  lead	  to	  inaccuracies	  with	  an	  
underestimate	  of	  final	  infarct	  volume.	  Miki	  et	  al154	  found	  in	  a	  rabbit	  model	  of	  acute	  
MI	  using	  the	  diffusible	  antioxidant	  MPG,	  that	  protection	  assessed	  with	  early	  TTC	  
staining	  was	  seen	  in	  the	  rabbits	  treated	  with	  MPG	  following	  reperfusion.	  When	  the	  
experiment	  was	  repeated,	  however,	  with	  infarct	  size	  determined	  at	  a	  later	  time	  
point	  after	  reperfusion	  no	  such	  differences	  could	  be	  found	  compared	  to	  control.	  	  
Whether	  postconditioning	  results	  in	  a	  long-­‐term	  sustained	  attenuation	  of	  post-­‐
ischaemic	  injury	  and	  infarct	  reduction	  rather	  than	  simply	  a	  delay	  in	  inevitable	  injury	  
is	  a	  question	  still	  to	  be	  determined.	  	  The	  demonstration	  of	  such	  an	  effect	  would	  add	  
significantly	  to	  the	  argument	  of	  the	  existence	  of	  intrinsic	  cardiac	  protection	  in	  
ischaemic	  heart	  disease	  patients,	  where	  the	  promise	  of	  such	  a	  phenomenon	  based	  
on	  laboratory	  studies	  has	  perhaps	  failed	  to	  live	  up	  to	  expectations	  in	  the	  clinical	  
setting.	  	  A	  randomised	  clinical	  trial	  investigating	  the	  potential	  beneficial	  effect	  of	  
postconditioning	  in	  patients	  presenting	  with	  acute	  myocardial	  infarction	  forms	  one	  
of	  the	  major	  chapters	  of	  this	  thesis;	  it	  also	  complements	  the	  clinical	  investigation	  of	  
the	  other	  cardioprotective	  phenomenon,	  warm	  up	  angina.	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1.3 Non-­‐Invasive	  Techniques	  to	  Investigate	  Ischaemic	  Heart	  
Disease	  
1.3.1 Detection	  of	  Reversible	  Myocardial	  Ischaemia	  
The	  detection	  of	  reversible	  myocardial	  ischaemia	  has	  formed	  a	  cornerstone	  for	  the	  
investigation	  and	  treatment	  of	  patients	  with	  stable	  coronary	  disease155.	  Studies	  
involving	  thousands	  of	  patients	  have	  shown	  that	  in	  the	  absence	  of	  inducible	  
ischaemia,	  patients	  with	  coronary	  artery	  disease	  (CAD)	  have	  an	  excellent	  prognosis	  
with	  an	  adverse	  event	  rate	  of	  less	  than	  1%	  p.a.,	  which	  is	  nearly	  as	  low	  as	  the	  general	  
population156-­‐158.	  Large	  perfusion	  defects	  and	  defects	  in	  multiple	  coronary	  
territories,	  however,	  suggest	  a	  poor	  prognosis159-­‐161.	  In	  addition,	  those	  with	  a	  low	  
burden	  of	  ischaemia	  have	  been	  found	  to	  gain	  little	  benefit	  from	  coronary	  
revascularisation	  compared	  to	  optimal	  medical	  therapy162.	  	  Conversely,	  the	  CASS	  
registry	  suggests	  that	  those	  with	  a	  high	  burden	  of	  ischaemia	  are	  at	  risk	  of	  adverse	  
events	  if	  left	  without	  revascularisation,	  with	  a	  mortality	  of	  around	  5%	  per	  annum	  in	  
the	  medically	  treated	  arm	  with	  a	  strongly	  positive	  exercise	  tolerance	  test	  (ETT)	  
compared	  to	  a	  mortality	  rate	  of	  less	  than	  1%	  p.a.	  in	  those	  medically	  treated	  patients	  
without	  inducible	  ischaemia163.	  	  	  	  
Testing	  for	  reversible	  ischaemia	  requires	  the	  induction	  of	  some	  marker	  of	  myocardial	  
ischaemia	  (such	  as	  ECG	  ST-­‐segment	  shift,	  a	  new	  regional	  LV	  wall	  motion	  abnormality	  
or	  a	  myocardial	  perfusion	  defect)	  during	  conditions	  of	  exercise	  or	  pharmacological	  
stress.	  	  A	  variety	  of	  different	  techniques	  may	  be	  employed	  for	  this,	  ranging	  from	  the	  
simple	  exercise	  ECG,	  through	  echocardiography,	  PET	  and	  SPECT	  imaging	  and	  cardiac	  
magnetic	  resonance.	  Because	  of	  the	  limits	  of	  this	  thesis,	  we	  will	  concentrate	  on	  
ischaemia	  detection	  and	  perfusion	  imaging	  provided	  by	  cardiac	  magnetic	  resonance	  
imaging	  which	  will	  be	  covered	  in	  the	  following	  section.	  
1.3.1.1 Pharmacological	  Stress	  
Adenosine,	  dipyridamole	  and,	  dobutamine	  are	  three	  agents	  currently	  used	  in	  
pharmacological	  stress	  testing.	  	  Dobutamine	  is	  a	  synthetic	  sympathomimetic	  amine.	  	  
Like	  exercise,	  dobutamine	  increases	  myocardial	  oxygen	  demand	  by	  increasing	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myocardial	  contractility164.	  	  CFR	  is	  therefore	  increased	  indirectly	  by	  creating	  a	  
greater	  flow	  demand.	  Direct	  exercise	  and	  dobutamine	  can	  therefore	  provoke	  
ischaemia	  due	  to	  their	  effects	  in	  increasing	  oxygen	  demand	  and	  flow.	  	  	  	  	  
Adenosine	  and	  dipyridamole	  are	  vasodilators	  and	  induce	  hyperaemic	  flow	  directly	  by	  
dilating	  the	  coronary	  microcirculation.	  	  Adenosine	  binds	  and	  activates	  A2	  receptors	  
on	  smooth	  muscle	  cells	  causing	  relaxation	  and	  thus	  coronary	  vasodilatation165.	  	  	  	  
Dipyridamole	  inhibits	  cellular	  uptake	  of	  adenosine	  thus	  increasing	  the	  interstitial	  
adenosine	  concentration	  which	  results	  in	  active	  hyperaemia	  and	  vasodilatation166.	  	  
Caffeine	  inhibits	  the	  effects	  of	  dipyridamole	  and	  adenosine	  and	  thus	  should	  be	  
avoided	  24	  hours	  before	  a	  stress	  test167.	  
Direct	  vasodilatation	  of	  the	  coronary	  arteries	  provokes	  blood	  flow	  heterogeneity	  in	  
patients	  with	  CAD	  because	  areas	  of	  stenosis	  receive	  relatively	  reduced	  flow	  in	  
comparison	  to	  areas	  without	  stenosis.	  	  This	  heterogeneity	  of	  flow	  may	  present	  as	  a	  
perfusion	  defect	  during	  stress	  testing	  with	  myocardial	  perfusion	  imaging	  (MPI).	  	  Such	  
perfusion	  defects	  correlate	  strongly	  with	  clinical	  endpoints	  and	  are	  thought	  to	  
represent	  regions	  of	  inducible	  myocardial	  ischaemia160,	  161.	  
1.3.1.2 Exercise	  Stress	  
In	  most	  cases,	  exercise	  stress	  testing	  would	  be	  the	  ideal	  method	  for	  assessing	  CAD	  
because	  it	  is	  the	  most	  physiological	  stimulus	  for	  increasing	  myocardial	  oxygen	  
demand	  and	  therefore	  coronary	  blood	  flow.	  	  Vasodilating	  agents	  increase	  coronary	  
flow	  directly,	  independent	  of	  endothelial	  function,	  and	  without	  increasing	  cardiac	  
work	  and	  so	  may	  therefore	  be	  inappropriate	  in	  demonstrating	  reduced	  CFR.	  	  
However,	  exercise	  stress	  testing	  is	  not	  always	  possible	  or	  may	  be	  inappropriate.	  
Apart	  from	  monitoring	  ECG,	  it	  is	  difficult	  to	  actually	  acquire	  data	  during	  exercise	  
therefore	  such	  acquisition	  must	  occur	  almost	  immediately	  after	  peak	  exercise	  stress	  
is	  achieved	  as	  heart	  rate	  depreciates	  rapidly	  after	  cessation	  of	  exercise.	  It	  may	  be	  
difficult	  to	  perform	  an	  exercise	  test	  in	  the	  immediate	  vicinity	  of	  the	  scanner,	  be	  it	  
ultrasound,	  nuclear	  or	  MRI	  imaging	  for	  practical	  reasons.	  In	  addition,	  
pharmacological	  stress	  testing	  is	  usually	  preferred	  in	  the	  elderly	  or	  those	  with	  
physical	  disabilities	  that	  do	  not	  allow	  them	  to	  exercise	  to	  adequate	  diagnostic	  or	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prognostic	  levels.	  	  Caution	  must	  be	  used	  in	  patients	  with	  recent	  myocardial	  
infarction	  or	  those	  with	  severe	  valvular	  heart	  disease.	  	  	  	  	  
1.3.2 Cardiac	  Magnetic	  Resonance	  Imaging	  
1.3.2.1 Basic	  Principles	  
Magnetic	  resonance	  (MR)	  images	  depend	  on	  the	  distribution	  and	  concentration	  of	  
hydrogen	  nuclei	  in	  the	  body	  and	  on	  the	  physical	  and	  chemical	  environment	  of	  those	  
nuclei.	  It	  is	  beyond	  the	  scope	  of	  this	  introduction	  to	  explain	  the	  detailed	  physics	  
behind	  the	  acquisition	  of	  MR	  images	  but	  there	  are	  numerous	  reviews	  where	  
excellent	  and	  clear	  descriptions	  can	  be	  found168-­‐170.	  	  When	  a	  patient	  enters	  the	  core	  
of	  the	  magnet	  within	  a	  scanner,	  hydrogen	  nuclei	  align	  with	  and	  precess	  about	  the	  
axis	  of	  the	  magnetic	  field.	  This	  precession	  can	  be	  altered	  by	  application	  of	  additional	  
small	  magnetic	  field	  pulses.	  	  The	  application	  of	  these	  pulses	  in	  a	  controlled	  manner	  
(in	  the	  form	  of	  pulse	  sequences)	  means	  that	  signals	  can	  be	  received	  and	  processed	  to	  
produce	  an	  image	  of	  the	  spatial	  distribution	  of	  the	  spins	  or	  protons	  within	  the	  body.	  
Multiple	  types	  of	  pulse	  sequences	  can	  be	  used	  for	  different	  imaging	  protocols	  to	  
define	  cardiac	  structure,	  tissue	  characterisation,	  or	  measurement	  of	  cardiovascular	  
function;	  all	  can	  be	  employed	  within	  a	  single	  study.	  The	  unique	  ability	  to	  provide	  
such	  a	  comprehensive	  assessment	  of	  cardiac	  form	  and	  function,	  together	  with	  the	  
lack	  of	  exposure	  to	  ionising	  radiation	  to	  patients	  makes	  CMR	  a	  very	  useful	  non-­‐
invasive	  imaging	  modality171.	  
1.3.2.2 Different	  CMR	  Techniques	  
Cine	  Imaging	  
The	  assessment	  of	  global	  and	  regional	  left	  ventricular	  (LV)	  and	  right	  ventricular	  (RV)	  
function	  by	  CMR	  is	  typically	  based	  on	  a	  cine	  data	  set	  aligned	  in	  the	  true	  LV	  short	  axis	  
that	  covers	  the	  heart	  in	  10-­‐12	  consecutive	  two-­‐dimensional	  slices172.	  Alternatively,	  
three-­‐dimensional	  cine	  data	  sets	  covering	  the	  entire	  heart	  in	  a	  single	  breath-­‐hold	  can	  
be	  acquired173,	  174.	  In	  addition	  to	  its	  high	  tissue	  contrast,	  the	  main	  advantage	  of	  CMR	  
over	  other	  imaging	  modalities	  is	  that	  imaging	  planes	  can	  be	  freely	  and	  reproducibly	  
defined.	  Consequently,	  CMR	  is	  the	  most	  accurate	  and	  reproducible	  imaging	  modality	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for	  the	  assessment	  of	  global	  ventricular	  volumes	  and	  function	  175,	  176.	  In	  addition,	  
regional	  contractile	  function	  can	  be	  assessed	  either	  by	  visual	  interpretation	  of	  cine	  
loops177,	  178	  or	  by	  measuring	  wall	  motion,	  thickening	  and	  strain	  using	  myocardial	  
tagging	  methods179,	  180.	  Myocardial	  tagging	  during	  low	  dose	  dobutamine	  stress	  has	  
been	  used	  to	  measure	  parameters	  of	  diastolic	  dysfunction	  such	  as	  the	  time	  to	  peak	  
untwist	  which	  may	  identify	  coronary	  stenosis181,182.	  Following	  AMI,	  low	  dose	  
dobutamine	  cine	  CMR	  can	  be	  used	  to	  predict	  viability	  and	  functional	  recovery183-­‐186.	  
High	  dose	  dobutamine	  stress	  CMR	  has	  high	  diagnostic	  accuracy	  to	  identify	  inducible	  
LV	  wall	  motion	  abnormalities	  indicative	  of	  flow-­‐limiting	  coronary	  stenosis187-­‐189.	  	  
First	  Pass	  Myocardial	  perfusion	  
Current	  first	  pass	  myocardial	  perfusion	  CMR	  methods	  track	  the	  passage	  of	  a	  bolus	  of	  
a	  T1-­‐shortening	  contrast	  agent	  injected	  into	  a	  peripheral	  vein190,	  191.	  Data	  acquired	  
during	  intravenous	  vasodilator-­‐stress	  (most	  commonly	  with	  adenosine)	  delineate	  
relatively	  underperfused	  regions	  associated	  with	  myocardial	  ischaemia.	  The	  spatial	  
resolution	  of	  CMR	  myocardial	  perfusion	  imaging	  of	  2	  to	  3	  mm	  is	  vastly	  superior	  to	  
other	  imaging	  modalities,	  so	  that	  subendocardial	  ischaemia	  can	  be	  more	  reliably	  
identified.	  Recent	  developments	  have	  seen	  further	  improvements	  in	  spatial	  
resolution	  to	  around	  1	  mm	  in	  the	  imaging	  plane192	  and	  acquisition	  at	  3-­‐Tesla	  
promises	  improved	  signal	  to	  noise	  ratio	  and	  diagnostic	  yield193,	  194.	  Both	  of	  these	  
developments	  should	  continue	  to	  enhance	  the	  value	  of	  CMR	  perfusion	  assessment.	  
The	  interpretation	  of	  CMR	  myocardial	  perfusion	  studies	  in	  clinical	  practice	  is	  most	  
commonly	  visual,	  but	  quantitative	  approaches	  that	  measure	  characteristics	  of	  
myocardial	  signal	  intensity	  profiles	  are	  available191,	  195-­‐198	  and	  have	  been	  validated	  
against	  x-­‐ray	  angiography,	  SPECT	  and	  PET199-­‐201.	  The	  recent	  MR-­‐IMPACT	  study	  in	  234	  
patients	  reported	  improved	  detection	  of	  coronary	  stenosis	  by	  CMR	  compared	  with	  
SPECT	  in	  the	  first	  multi-­‐centre,	  multi-­‐vendor	  comparison156.	  In	  the	  context	  of	  ACS,	  
myocardial	  perfusion	  CMR	  imaging	  can	  be	  used	  to	  delineate	  microvascular	  
obstruction	  and	  ischaemia,	  as	  described	  in	  subsequent	  sections.	  	  See	  Figure	  10	  
below.	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Figure	  10. Kinetics	  of	  gadolinium	  during	  the	  3	  different	  acquisition	  periods.	  	  [Taken	  from	  
Pennell,	  2004,	  figure	  1,	  p.27202]	  	  
Early	  and	  late	  gadolinium	  enhancement	  
Because	  normal	  myocardium	  is	  uniformly	  tightly	  packed	  with	  muscle,	  and	  
gadolinium	  is	  a	  hydrophilic	  extracellular	  contrast	  agent,	  there	  is	  uniformly	  low	  signal	  
in	  the	  normal	  heart.	  Following	  acute	  ischaemic	  injury,	  the	  myocardial	  distribution	  
volume	  of	  extra-­‐cellular	  gadolinium-­‐based	  contrast	  agents	  is	  increased	  because	  of	  
the	  presence	  of	  sarcrolemmal	  disintegration	  and	  abnormal	  washout	  kinetics.	  In	  
chronic	  myocardial	  infarction,	  the	  presence	  of	  fibrotic	  tissue	  increases	  the	  
distribution	  volume	  of	  the	  contrast	  agents.	  	  The	  resulting	  differences	  in	  contrast	  
distribution	  between	  normal	  and	  injured	  myocardium	  can	  be	  delineated	  with	  T1-­‐
sensitive	  inversion-­‐recovery	  CMR	  methods.	  Imaging	  within	  the	  first	  few	  minutes	  
after	  contrast	  administration	  is	  the	  method	  of	  choice	  to	  delineate	  microvascular	  
obstruction	  (MVO),	  which	  prevents	  contrast	  delivery	  to	  the	  infarct	  core	  and	  thus	  
results	  in	  low	  signal	  on	  T1-­‐weighted	  imaging203.	  Acutely	  injured	  and	  chronically	  
infarcted	  tissue	  without	  MVO	  on	  the	  other	  hand	  retains	  contrast	  agent	  and	  
therefore	  appears	  bright204-­‐207.	  The	  preferred	  imaging	  time	  for	  scar	  is	  between	  10	  
and	  20	  minutes	  after	  contrast	  agent	  administration,	  when	  the	  differences	  between	  
scar,	  normal	  myocardium	  and	  blood	  pool	  are	  maximal.	  This	  method	  is	  referred	  to	  in	  
the	  literature	  variably	  as	  late	  gadolinium	  enhanced	  CMR	  (the	  currently	  preferred	  
term),	  late-­‐contrast	  enhanced,	  delayed	  contrast-­‐enhanced	  or	  hyperenhancement	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CMR.	  It	  has	  become	  the	  reference	  standard	  for	  the	  in	  vivo	  assessment	  of	  myocardial	  
viability	  because	  of	  its	  very	  high	  spatial	  definition	  and	  high	  contrast	  to	  normal	  
myocardium,	  which	  allows	  a	  detailed	  assessment	  of	  the	  spatial	  distribution	  of	  scar.	  
Because	  of	  its	  high	  spatial	  resolution	  late	  gadolinium	  enhanced	  CMR	  can	  detect	  
infarction	  in	  as	  little	  as	  1ml	  of	  tissue,	  substantially	  less	  than	  other	  in	  vivo	  methods.	  
The	  technique	  has	  been	  extensively	  validated	  in	  animal	  models	  showing	  excellent	  
agreement	  with	  histology	  and	  has	  been	  applied	  in	  numerous	  recent	  human	  
studies203-­‐208.	  Most	  notably,	  it	  was	  shown	  that	  CMR	  is	  more	  sensitive	  in	  detecting	  
subendocardial	  MI	  than	  SPECT	  or	  PET	  and	  in	  chronic	  CAD	  that	  the	  extent	  of	  scar	  on	  
CMR	  predicts	  the	  potential	  for	  functional	  recovery	  after	  revascularisation	  209-­‐211.	  	  
T2-­‐weighted	  imaging	  
Myocardial	  edema	  is	  a	  feature	  of	  many	  forms	  of	  acute	  myocardial	  injury	  that	  are	  
associated	  with	  inflammation.	  Edema	  alters	  myocardial	  T2-­‐relaxation	  and	  can	  
therefore	  be	  detected	  with	  T2-­‐weighted	  CMR	  imaging212.	  	  Following	  acute	  
myocardial	  infarction,	  T2-­‐weighted	  CMR	  can	  be	  used	  to	  delineate	  the	  ischaemic	  risk	  
region,	  which	  typically	  extends	  beyond	  the	  scar	  (See	  Figure	  11).	  This	  is	  discussed	  in	  
greater	  detail	  later.	  However,	  both	  the	  relatively	  small	  contrast-­‐to-­‐noise	  ratio	  
between	  edematous	  and	  normal	  myocardium	  (around	  2	  to	  3)	  and	  artefacts	  from	  
slow	  flowing	  blood	  at	  the	  subendocardial	  border	  can	  make	  interpretation	  of	  T2-­‐
weighted	  images	  more	  challenging	  than	  other	  CMR	  methods,	  although	  recent	  
methodological	  developments	  promise	  to	  improve	  these	  limitations213.	  	  
1.3.2.3 CMR	  and	  the	  Detection	  of	  Reversible	  Myocardial	  Ischaemia	  
CMR	  offers	  great	  potential	  in	  the	  detection	  of	  myocardial	  ischaemia	  and	  recent	  
studies	  have	  suggested	  a	  high	  degree	  of	  accuracy	  compared	  to	  other	  more	  
established	  non-­‐invasive	  techniques214.	  	  The	  MR-­‐IMPACT	  study	  has	  been	  mentioned	  
above	  and	  was	  a	  multi-­‐centre,	  multi-­‐vendor	  study	  involving	  234	  patients	  with	  
suspected	  IHD	  comparing	  CMR	  perfusion	  to	  SPECT	  imaging	  for	  the	  detection	  of	  
significant	  coronary	  disease.	  	  CMR	  was	  found	  to	  be	  as	  good	  as	  SPECT	  in	  the	  
considered	  patients,	  and	  performed	  better	  than	  SPECT	  when	  the	  entire	  SPECT	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population	  was	  considered156.	  	  CMR	  also	  holds	  certain	  advantages	  over	  other	  non-­‐
invasive	  techniques	  such	  as	  ETT,	  stress	  echo	  or	  SPECT	  imaging	  because	  of	  its	  high	  
	  
Figure	  11. Different	  CMR	  imaging	  methods.	  The	  figure	  shows	  short	  axis	  views	  (of	  different	  
patients)	  illustrating	  the	  different	  imaging	  techniques	  used,	  their	  morphological	  correlates	  
main	  clinical	  application	  [Adapted	  from	  Lockie	  et	  al	  Circulation	  2009215].	  
resolution,	  lack	  of	  ionising	  radiation	  and	  tissue	  characterisation.	  CMR	  perfusion	  
involves	  the	  tracking	  of	  a	  bolus	  of	  gadolinium	  (Gd)-­‐containing	  contrast	  agent	  as	  it	  
diffuses	  through	  the	  myocardium.	  Recent	  improvements	  in	  temporal	  resolution	  have	  
allowed	  the	  acquisition	  of	  several	  slices	  of	  the	  heart	  within	  one	  cardiac	  beat.	  Such	  
dynamic	  multislice	  imaging	  allows	  the	  detection	  of	  perfusion	  defects	  within	  the	  
myocardium	  during	  hyperaemic	  stress	  following	  the	  administration	  of	  intravenous	  
vasodilator	  agents	  such	  as	  dipyridamole	  or	  more	  commonly	  adenosine.	  	  Such	  
perfusion	  defects	  correlate	  with	  obstructive	  coronary	  disease	  on	  invasive	  coronary	  
angiography216	  and	  against	  fractional	  flow	  reserve	  with	  a	  sensitivity	  and	  specificity	  of	  
91%	  and	  94%	  respectively	  using	  visual	  analysis	  of	  CMR	  perfusion	  to	  detect	  
haemodynamically	  significant	  coronary	  stenoses217.	  Overall,	  the	  performance	  of	  
CMR	  perfusion	  to	  detect	  myocardial	  ischaemia	  according	  to	  a	  recent	  meta-­‐analysis	  
of	  12	  trials	  involving	  1,183	  patients	  demonstrated	  a	  sensitivity	  of	  91%	  (95%	  CI	  88-­‐94)	  
and	  specificity	  of	  81%	  (95%	  CI	  77-­‐85)214.	  	  Despite	  these	  figures	  the	  majority	  of	  the	  
studies	  included	  in	  this	  meta-­‐analysis	  used	  perfusion	  abnormalities	  based	  on	  a	  
patient	  basis,	  rather	  than	  a	  specific	  perfusion	  territory	  and	  used	  coronary	  
angiography	  alone	  as	  the	  “gold	  standard”.	  	  The	  localisation	  of	  a	  perfusion	  defect	  to	  a	  
specific	  coronary	  territory	  is	  important	  in	  determining	  the	  optimal	  revascularisation	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strategy	  in	  patients	  with	  multi-­‐vessel	  disease	  and	  requires	  high-­‐resolution	  scanning	  
capacity.	  	  	  In	  addition,	  functional	  coronary	  measurements	  such	  as	  fractional	  flow	  
reserve	  (FFR)	  should	  be	  used	  to	  determine	  the	  haemodynamic	  significance	  of	  a	  
coronary	  lesion	  as	  angiography	  alone	  correlates	  poorly	  with	  the	  presence	  of	  
ischaemia218.	  	  This	  is	  discussed	  in	  further	  detail	  in	  the	  following	  sections.	  	  
1.1.4.3 The	  Influence	  of	  higher	  field	  strength	  
MR	  imaging	  at	  3-­‐T	  potentially	  provides	  a	  substantial	  improvement	  of	  tissue	  contrast	  
in	  T1-­‐weighted	  imaging	  techniques	  relying	  on	  gadolinium-­‐based	  contrast	  material	  
enhancement219.	  	  In	  a	  systematic	  comparison	  between	  CMR	  perfusion	  using	  3-­‐T	  and	  
1.5-­‐T,	  Cheng	  et	  al	  found	  the	  perfusion	  at	  3-­‐T	  to	  be	  superior	  to	  that	  at	  1.5-­‐T194.	  They	  
suggest	  that	  the	  significantly	  higher	  diagnostic	  accuracy	  of	  3-­‐T	  perfusion	  could	  be	  
attributed	  to	  a	  combination	  of	  higher	  SNR	  (signal-­‐to-­‐noise	  ratio),	  allowing	  detection	  
of	  subendocardial	  perfusion	  defects	  (the	  most	  sensitive	  parameter	  for	  a	  reduction	  of	  
overall	  coronary	  blood	  flow)	  and	  reduced	  occurrence	  of	  dark	  rim	  artefacts.	  These	  are	  
an	  acknowledged	  problem	  with	  1.5-­‐T	  perfusion	  imaging	  and	  can	  often	  be	  mistaken	  
for	  real	  perfusion	  defects,	  potentially	  explaining	  the	  lower	  specificity	  seen	  at	  1.5-­‐T.	  
1.3.2.4 K-­‐t	  SENSE	  Encoding	  	  
Standard	  CMR	  first-­‐pass	  perfusion	  methods	  are	  limited	  by	  the	  need	  for	  acquisition	  of	  
the	  complete	  data	  set	  in	  a	  single	  shot	  with	  a	  limited	  portion	  of	  each	  cardiac	  cycle.	  
This	  limits	  the	  maximum	  resolution	  attainable	  by	  perfusion	  imaging	  compared	  to	  
other	  sequences	  such	  as	  late	  Gd-­‐enhancement	  or	  cine	  imaging	  which	  may	  be	  
acquired	  over	  several	  heartbeats.	  New	  acquisition	  strategies	  that	  simultaneously	  
take	  advantage	  of	  coil	  encoding	  and	  spatiotemporal	  correlations,	  such	  as	  k-­‐space	  
and	  time	  sensitivity	  encoding	  (k-­‐t	  SENSE),	  allow	  considerable	  acceleration	  of	  CMR	  
data	  acquisition220.	  	  These	  methods	  are	  based	  on	  the	  premise	  that	  the	  raw	  data	  in	  
dynamic	  images	  exhibit	  correlations	  in	  k-­‐space	  and	  in	  time	  and	  that	  it	  is	  sufficient	  to	  
acquire	  only	  a	  reduced	  amount	  of	  data	  and	  recover	  the	  missing	  portion	  
afterwards220.	  Such	  correlations	  can	  be	  obtained	  from	  a	  set	  of	  training	  images	  that	  
are	  obtained	  beforehand	  and	  by	  exploiting	  this	  prior	  information	  it	  is	  possible	  to	  
vastly	  accelerate	  data	  sampling.	  	  Such	  acceleration	  can	  be	  invested	  in	  improved	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spatial	  resolution	  leading	  to	  in-­‐plane	  spatial	  resolution	  approaching	  1mm2,	  which	  is	  
far	  superior	  to	  conventional	  methods	  where	  a	  maximum	  spatial	  resolution	  of	  3-­‐
5mm2	  is	  possible.	  This	  is	  accompanied	  by	  a	  reduction	  in	  dark	  rim	  (susceptibility)	  
artefacts,	  which	  may	  be	  problematic	  in	  other	  perfusion	  sequences	  with	  less	  spatial	  
resolution,	  especially	  in	  the	  assessment	  of	  subendocardial	  perfusion	  defects.	  
Previous	  studies	  have	  suggested	  that	  there	  is	  improved	  signal	  to	  noise	  ratio	  (SNR)	  
and	  image	  quality	  using	  k-­‐t	  perfusion	  at	  higher	  field	  strength	  (i.e.	  at	  3-­‐T	  rather	  than	  
1.5-­‐T)	  due	  to	  the	  potential	  loss	  of	  SNR	  that	  can	  occur	  due	  to	  acquisition	  of	  data	  at	  
higher	  spatial	  resolution	  and	  with	  the	  use	  of	  spatiotemporal	  under-­‐sampling216.	  K-­‐t	  
has	  proved	  accurate	  in	  the	  detection	  of	  coronary	  disease	  as	  determined	  
anatomically	  by	  a	  50%	  stenosis	  on	  the	  coronary	  angiogram221.	  However,	  to	  date	  
there	  have	  been	  no	  studies	  comparing	  the	  performance	  of	  k-­‐t	  perfusion	  to	  FFR	  to	  
detect	  haemodynamically	  significant	  coronary	  disease.	  
	  
	  
Figure	  12. Summary	  of	  the	  k-­‐t	  SENSE	  method.	  	  k-­‐t	  SENSE	  involves	  the	  reconstruction	  of	  
images.	  	  First	  a	  low-­‐resolution	  scan	  is	  performed	  to	  provide	  training	  data	  (a).	  	  An	  estimate	  of	  
the	  expected	  signal	  intensities	  of	  the	  moving	  object	  is	  obtained	  based	  on	  this	  data.	  	  During	  
the	  data	  acquisition	  stage,	  under-­‐sampling	  is	  applied,	  creating	  multiple	  foldover	  in	  the	  
images	  (b).	  Training	  data	  and	  acquisition	  data	  are	  then	  both	  combined	  and	  reconstructed	  
using	  k-­‐t	  SENSE	  to	  produce	  high-­‐resolution	  images	  (c).	  	  [Adapted	  from	  Korezeke	  and	  Tsao,	  
2004,	  figure	  7,	  p.165222]	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Figure	  13. Fivefold	  (5x)	  k-­‐t	  SENSE–accelerated	  adenosine-­‐induced	  stress	  3.0-­‐	  and	  1.5-­‐T	  
perfusion	  MR	  images	  in	  a	  65-­‐year-­‐old	  patient	  suspected	  of	  having	  coronary	  artery	  disease.	  
Four	  sections	  in	  the	  double-­‐oblique	  short-­‐axis	  orientation	  from	  base	  (left)	  to	  apex	  (right)	  
were	  acquired.	  Both	  data	  sets	  have	  similar	  diagnostic	  content,	  but	  image	  quality	  at	  3.0	  T	  is	  
superior.	  Data	  sets	  show	  inferior	  and	  lateral	  ischaemia	  in	  basal	  and	  midcavity	  section	  and	  
anteroseptal	  ischaemia	  in	  apical	  sections.	  [adapted	  from	  Plein	  et	  al	  Radiology	  2008223].	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1.4 Invasive	  Techniques	  to	  Investigate	  Ischaemic	  Heart	  
Disease	  
1.4.1 X	  Ray	  Coronary	  Angiography	  	  
Coronary	  angiography	  is	  defined	  as	  the	  radiographic	  visualization	  of	  the	  coronary	  
vessels	  after	  injection	  of	  radio-­‐opaque	  contrast	  media,	  usually	  with	  specialist	  
catheters.	  The	  purpose	  of	  coronary	  angiography	  is	  to	  define	  the	  coronary	  anatomy	  
and	  the	  degree	  of	  luminal	  obstruction	  of	  the	  coronary	  arteries.	  It	  is	  most	  commonly	  
used	  to	  determine	  the	  presence	  and	  extent	  of	  obstructive	  coronary	  artery	  disease	  
(CAD)	  and	  to	  assess	  the	  feasibility	  and	  appropriateness	  of	  revascularisation	  either	  
surgically	  or	  by	  percutaneous	  intervention	  (PCI).	  	  
In	  1844	  the	  French	  physiologist	  Claude	  Bernard	  (1813-­‐1878)	  first	  coined	  the	  phrase	  
“cardiac	  catheterization”	  and	  used	  catheters	  to	  record	  intracardiac	  pressures	  in	  
animals.	  	  The	  next	  step	  forward	  did	  not	  occur	  until	  1929	  when	  Werner	  Forsmann	  
(1904-­‐1979)	  performed	  the	  first	  documented	  human	  cardiac	  catheterization	  in	  
Eberswald,	  Germany. This	  he	  did	  by	  inserting	  a	  cannula	  into	  his	  own	  antecubital	  vein,	  
through	  which	  he	  passed	  a	  catheter	  for	  65	  cm	  and	  then	  walked	  to	  the	  X-­‐ray	  
department,	  where	  a	  photograph	  was	  taken	  of	  the	  catheter	  lying	  in	  his	  right	  atrium.	  
He	  went	  on	  to	  win	  the	  Nobel	  Prize	  for	  medicine	  or	  physiology	  in	  1956,	  sharing	  the	  
honours	  with	  André	  Frédéric	  Cournand	  (1895-­‐1988)	  and	  Dickinson	  W.	  Richards	  
(1895-­‐1973)	  who	  first	  employed	  the	  cardiac	  catheter	  as	  a	  diagnostic	  tool.	  They	  
utilised	  techniques	  to	  measure	  cardiac	  output,	  in	  the	  assessment	  of	  valvular	  heart	  
disease	  and	  for	  the	  detection	  and	  diagnosis	  of	  congenital	  defects.	  They	  were	  also	  
able	  to	  investigate	  pulmonary	  diseases	  through	  cannulation	  of	  the	  pulmonary	  
arteries.	  In	  1958	  F.	  Mason	  Sones	  of	  the	  Cleveland	  Clinic	  performed	  the	  first	  selective	  
coronary	  arteriogram.	  This	  was	  inadvertently	  obtained	  during	  an	  aortic	  root	  injection	  
in	  a	  26	  year	  old	  patient	  with	  rheumatic	  heart	  disease.	  The	  catheter	  prolapsed	  into	  
the	  ostium	  of	  the	  right	  coronary	  artery,	  which	  was	  directly	  injected	  with	  contrast	  
thus	  providing	  the	  first	  selective	  coronary	  angiogram.	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50	  years	  later,	  with	  its	  excellent	  resolution	  (<1mm)	  selective	  coronary	  angiography	  
remains	  the	  gold	  standard	  for	  the	  visulalisation	  of	  the	  coronary	  arteries.	  It	  maintains	  
a	  prominent	  role	  in	  the	  diagnosis	  and	  treatment	  of	  coronary	  disease224.	  However,	  
the	  two	  dimensional	  anatomical	  representation	  of	  the	  highly	  complex	  form	  of	  a	  
coronary	  stenosis	  that	  is	  obtained	  by	  standard	  techniques	  may	  be	  misleading	  and	  
the	  use	  of	  quantitative	  coronary	  angiography	  (QCA)	  alone	  may	  be	  inaccurate	  in	  the	  
determination	  of	  haemodynamically	  significant	  coronary	  disease218.	  	  
1.4.2 Invasive	  Coronary	  Physiology	  
1.4.2.1 Epicardial	  Lesion	  Assessment	  
The	  use	  of	  invasive	  indices	  of	  coronary	  flow	  and	  pressure	  may	  overcome	  some	  of	  the	  
inadequacies	  of	  QCA	  by	  providing	  more	  physiological	  lesion	  assessment.	  The	  
fractional	  flow	  reserve	  (FFR)	  using	  a	  distal	  pressure	  wire	  under	  hyperaemic	  
conditions	  is	  widely	  used	  in	  the	  presence	  of	  normal	  myocardium	  to	  assess	  the	  
severity	  of	  an	  epicardial	  stenosis225.	  It	  predicts	  the	  fraction	  of	  maximal	  flow	  that	  can	  
still	  be	  achieved	  in	  the	  presence	  of	  a	  stenosis	  compared	  with	  the	  case	  if	  the	  stenosis	  
were	  absent	  and	  is	  based	  on	  the	  assumption	  of	  a	  constant	  minimal	  microvascular	  
resistance	  at	  hyperaemia	  that	  is	  independent	  of	  the	  severity	  of	  the	  epicardial	  
stenosis226,	  227.	  FFR	  correlates	  well	  with	  clinical	  end	  points	  and	  non-­‐invasive	  
measures	  of	  ischaemia228.	  However,	  it	  has	  been	  demonstrated	  that	  there	  is	  
variability	  in	  the	  assumed	  minimal	  microvascular	  resistance	  that	  is	  dependent	  on	  the	  
perfusion	  pressure	  of	  the	  distal	  coronary	  artery	  with	  a	  reduction	  found	  following	  PCI	  
to	  the	  epicardial	  stenosis229.	  This	  has	  led	  some	  to	  challenge	  the	  concept	  of	  a	  
uniformly	  distributed	  microvascular	  resistance	  and	  dispute	  the	  use	  of	  the	  FFR	  as	  an	  
independent	  variable229,	  230.	  When	  evaluating	  FFR,	  only	  the	  ratio	  of	  distal	  to	  aortic	  
pressure	  at	  maximal	  vasodilatation	  is	  taken	  into	  account,	  regardless	  of	  the	  flow	  that	  
passes	  through	  the	  stenosis	  or	  of	  the	  microvascular	  resistance.	  It	  has	  been	  described	  
that	  FFR	  may	  indicate	  a	  false-­‐negative	  result	  (above	  threshold)	  in	  cases	  of	  low	  
maximal	  flow	  due	  to	  microvascular	  disease231.	  Conversely,	  FFR	  may	  indicate	  a	  false-­‐
positive	  result	  (below	  threshold)	  in	  the	  case	  of	  a	  higher	  pressure	  gradient	  caused	  by	  
a	  high-­‐flow	  rate	  through	  the	  stenosis	  in	  the	  presence	  of	  a	  low	  microvascular	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Figure	  14. Pressure	  wire	  tracing	  from	  an	  LAD	  containing	  a	  moderate	  mid-­‐vessel	  stenosis	  
showing	  the	  distal	  coronary	  pressure	  (Pd)	  in	  green	  and	  proximal	  aortic	  pressure	  (Pa)	  in	  red.	  
The	  ratio	  of	  the	  two	  during	  adenosine-­‐induced	  hyperaemia	  is	  the	  fractional	  flow	  reserve	  
(FFR).	  	  	  An	  FFR	  of	  0.69,	  (normal	  >0.8)	  suggests	  a	  highly	  haemodynamically	  significant	  lesion	  
that	  would	  benefit	  from	  revascularisation	  [adapted	  from	  Lockie	  et	  al,	  Circulation,	  2009215].	  	  
resistance232.	  Coronary	  flow	  reserve	  (CFR)	  can	  be	  measured	  in	  the	  vessel	  either	  
using	  Doppler	  or	  thermodilution233.	  It	  represents	  the	  ratio	  of	  maximal-­‐to-­‐baseline	  
flow	  velocity	  distal	  to	  the	  stenosis	  and	  like	  FFR	  correlates	  well	  with	  non-­‐invasive	  
indices	  of	  ischaemia234.	  	  However,	  CFR	  is	  sensitive	  to	  haemodynamic	  conditions235	  
with	  poor	  reproducibility	  and	  it	  cannot	  discriminate	  between	  the	  potential	  effects	  of	  
an	  epicardial	  stenosis	  or	  a	  damaged	  microcirculation	  on	  coronary	  flow236,	  237.	  	  The	  
hyperaemic	  stenosis	  resistance	  index	  (SR)	  has	  been	  introduced	  as	  a	  more	  powerful	  
predictor	  of	  reversible	  perfusion	  defects	  by	  incorporating	  both	  pressure	  and	  flow238.	  
It	  involves	  the	  ratio	  between	  stenosis	  pressure	  drop	  and	  the	  distally	  measured	  flow	  
velocity	  at	  maximal	  hyperaemia	  (Pa	  –Pd)/Vd	  and	  therefore	  acts	  as	  a	  measure	  of	  
stenosis	  severity	  that	  can	  be	  separated	  from	  the	  effect	  of	  microvascular	  resistance.	  	  
Recent	  technological	  advances	  mean	  that	  such	  measurements	  can	  be	  made	  with	  a	  
single	  combined	  flow/pressure	  wire.	  	  SR	  has	  been	  shown	  to	  be	  the	  best	  predictor	  of	  
reversible	  perfusion	  defects	  as	  determined	  by	  SPECT	  compared	  to	  FFR	  or	  CFR238.	  The	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difference	  was	  greatest	  with	  intermediate	  lesions	  where	  a	  large	  variability	  between	  
FFR	  and	  CFR	  was	  seen,	  probably	  reflecting	  differences	  in	  microvascular	  resistance	  
during	  maximal	  vasodilatation	  that	  affect	  CFR	  and	  FFR	  in	  opposite	  directions229.	  	  
1.4.2.2 Microvascular	  Assessment	  
Simple	  coronary	  angiography	  measurements	  such	  as	  TIMI	  flow	  grade	  (TFG),	  
corrected	  TIMI	  frame	  count	  (cTFC)	  and	  myocardial	  blush	  grade	  (MBG)	  provide	  some	  
information	  on	  the	  state	  of	  the	  coronary	  microcirculation	  but	  such	  methods	  are	  
inaccurate	  and	  poorly	  reproducible239.	  Coronary	  sinus	  thermodilution	  can	  be	  used	  to	  
measure	  global	  myocardial	  blood	  flow,	  yet	  the	  most	  useful	  invasive	  tools	  are	  the	  
dual	  sensor	  pressure	  and	  flow	  wire	  (Combowire™,	  Volcano®)	  and	  the	  temperature	  
sensitive	  pressure	  wire	  (RADI®).	  The	  Combowire	  has	  a	  tiny	  piezoelectric	  crystal	  
embedded	  near	  the	  tip	  of	  the	  wire	  together	  with	  a	  pressure	  transducer,	  either	  also	  
situated	  at	  the	  tip	  of	  the	  wire	  or	  offset	  by	  30mm240.	  The	  temperature	  sensitive	  
pressure	  wire	  has	  a	  high	  fidelity	  sensor	  embedded	  near	  the	  tip,	  allowing	  for	  
simultaneous	  measurement	  of	  temperature	  and	  pressure.	  The	  shaft	  of	  the	  wire	  acts	  
as	  the	  proximal	  thermistor	  by	  monitoring	  changes	  in	  electrical	  resistance	  that	  are	  
temperature	  dependent.	  The	  limitations	  of	  CFR	  have	  been	  discussed	  above.	  Because	  
CFR	  is	  a	  measure	  of	  combined	  epicardial	  and	  microvascular	  resistance	  and	  thus	  
cannot	  discriminate	  between	  them	  independently,	  in	  practical	  terms	  CFR	  is	  only	  a	  
useful	  measure	  of	  microvascular	  function	  if	  there	  is	  no	  epicardial	  disease.	  	  The	  other	  
indices	  that	  have	  been	  introduced	  are	  the	  index	  of	  microcirculatory	  resistance	  
(IMR)241	  and	  coronary	  microvascular	  resistance	  index	  (MR)229.	  	  IMR	  is	  calculated	  by	  
using	  the	  temperature-­‐sensitive	  coronary	  pressure	  wire	  and	  modified	  software	  to	  
calculate	  the	  mean	  transit	  time	  of	  room-­‐temperature	  saline	  injected	  down	  a	  
coronary	  artery.	  The	  inverse	  of	  the	  hyperemic	  mean	  transit	  time	  has	  been	  shown	  to	  
correlate	  with	  absolute	  flow.	  	  IMR	  is	  then	  obtained	  by	  dividing	  distal	  coronary	  
pressure	  by	  the	  inverse	  of	  the	  hyperemic	  mean	  transit	  time.	  MR	  is	  calculated	  using	  
the	  dual	  sensor	  Combowire	  as	  the	  ratio	  of	  mean	  distal	  pressure	  to	  average	  peak	  
blood	  flow	  velocity	  (APV).	  Both	  of	  these	  give	  an	  index	  of	  minimal	  microvascular	  
resistance	  during	  maximal	  hyperaemia	  and	  because	  both	  pressure	  and	  flow	  are	  
incorporated	  they	  may	  be	  used	  in	  patients	  with	  epicardial	  disease.	  However,	  both	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techniques	  attract	  controversy,	  such	  as	  the	  uncertain	  effect	  of	  coronary	  collaterals	  
and	  coronary	  steal	  and	  there	  is	  ongoing	  debate	  as	  to	  which	  is	  the	  more	  
representative	  of	  true	  myocardial	  microvascular	  resistance230.	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1.5 Aims	  and	  Outline	  of	  this	  Thesis	  
The	  main	  aim	  of	  this	  thesis	  was	  to	  examine	  the	  adaptive	  mechanisms	  of	  the	  heart	  to	  
ischaemic	  stress,	  using	  the	  models	  of	  exercise	  induced	  myocardial	  ischaemia	  and	  
acute	  myocardial	  infarction.	  In	  the	  former,	  we	  sought	  to	  use	  invasive	  physiological	  
measurements	  and	  high-­‐resolution	  cardiac	  magnetic	  resonance	  imaging	  to	  assess	  
changes	  in	  coronary	  blood	  flow,	  central	  haemodynamics	  and	  transmural	  myocardial	  
perfusion	  in	  patients	  with	  symptomatic	  coronary	  arterial	  disease.	  In	  the	  latter,	  we	  
sought	  to	  examine	  the	  role	  of	  post-­‐conditioning	  as	  a	  potential	  therapeutic	  tool	  in	  a	  
randomised	  controlled	  trial	  involving	  patients	  undergoing	  primary	  percutaneous	  
revascularisation	  for	  acute	  myocardial	  infarction.	  	  The	  results	  of	  the	  post-­‐
conditioning	  trial	  are	  presented	  in	  Chapter	  3.	  	  
The	  principle	  tools	  required	  for	  the	  studies	  involving	  stable	  IHD	  patients	  were	  high-­‐
speed	  and	  high-­‐resolution	  CMR	  imaging	  and	  invasive	  dual-­‐sensor	  coronary	  
measurements	  in	  the	  cardiac	  catheterisation	  lab.	  	  Both	  of	  these	  involved	  the	  
development	  of	  a	  specially	  adapted	  supine	  ergometer	  that	  would	  be	  used	  to	  
exercise	  the	  patients	  to	  provoke	  myocardial	  ischaemia.	  The	  development	  of	  the	  
catheter	  lab	  exercise	  protocol	  as	  well	  as	  the	  different	  analytical	  techniques	  used	  are	  
described	  in	  the	  methods	  section	  in	  Chapter	  2	  and	  the	  results	  of	  these	  studies	  in	  
Chapter	  5.	  	  For	  the	  CMR	  protocol,	  data	  sampling	  had	  to	  be	  very	  fast,	  not	  only	  to	  
allow	  imaging	  at	  high	  heart	  rates	  such	  as	  during	  peak	  exercise	  but	  also	  to	  allow	  high-­‐
resolution	  imaging	  required	  to	  determine	  differences	  in	  endo-­‐	  and	  epicardial	  
patterns	  of	  perfusion.	  	  A	  novel	  k-­‐t	  SENSE	  perfusion	  protocol	  was	  used	  (see	  Methods)	  
and	  imaging	  was	  undertaken	  using	  a	  dedicated	  3-­‐T	  magnet	  at	  the	  Rayne	  Institute.	  3-­‐
T	  offers	  better	  signal-­‐to-­‐noise	  ratio	  with	  a	  reduction	  in	  artefacts	  compared	  to	  1.5-­‐T.	  
Because	  there	  have	  been	  only	  few	  studies	  using	  k-­‐t	  perfusion	  at	  3-­‐T	  a	  validation	  
study	  was	  first	  required	  comparing	  it’s	  diagnostic	  accuracy	  with	  the	  invasively	  
measured	  fractional	  flow	  reserve	  (FFR).	  The	  results	  of	  this	  are	  presented	  in	  Chapter	  
4.	  	  Once	  the	  perfusion	  sequence	  was	  validated,	  it	  was	  tested	  in	  volunteers	  
undergoing	  exercise	  stress	  and	  novel	  quantification	  methods	  were	  used	  to	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determine	  differences	  in	  transmural	  myocardial	  blood	  flow.	  The	  results	  of	  these	  
studies	  are	  presented	  in	  Chapter	  6.	  	  	  	  
Key	  Hypotheses	  Under	  Investigation	  in	  this	  Thesis	  
1. The	  reduction	  of	  ischaemia	  seen	  on	  second	  exercise	  in	  patients	  with	  coronary	  
artery	  disease	  can	  be	  explained	  by	  changes	  in	  central	  haemodynamics,	  
especially	  a	  reduction	  in	  central	  blood	  pressure	  causing	  a	  reduction	  in	  
ventricular	  afterload	  and	  enhanced	  vascular-­‐ventricular	  coupling.	  
2. Warm	  up	  angina	  is	  associated	  with	  reduced	  microvascular	  resistance	  and	  an	  
improvement	  in	  subendocardial	  perfusion	  and	  on	  second	  exercise	  
3. Postconditioning	  causes	  a	  reduction	  in	  infarct	  size	  through	  activation	  of	  
innate	  myocardial	  protective	  mechanisms	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2 METHODS	  AND	  TECHNIQUES	  USED	  IN	  THIS	  THESIS	  
	  
2.1 Introduction	  
This	  chapter	  outlines	  some	  of	  the	  specific	  techniques	  used	  in	  this	  thesis.	  A	  general	  
description	  of	  many	  of	  these	  has	  been	  given	  in	  the	  previous	  chapter	  and	  detailed	  
derivations	  of	  certain	  indices	  and	  quantification	  methods	  will	  be	  referenced	  rather	  
than	  presented	  in	  full.	  Such	  derivations	  will	  be	  presented,	  however,	  if	  they	  are	  of	  
relevance	  to	  the	  results	  and	  discussion	  of	  the	  particular	  experiments	  in	  which	  they	  
were	  used.	  
This	  chapter	  will	  also	  cover	  the	  development	  of	  the	  novel	  techniques	  used	  in	  this	  
thesis	  and	  include	  some	  of	  the	  preliminary	  data	  that	  were	  obtained	  for	  internal	  
validations	  and	  reproducibility	  purposes	  and	  to	  fine-­‐tune	  methods	  prior	  to	  their	  use	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2.2 Catheter	  Lab	  Derived	  Data	  
2.2.1 Assessment	  of	  Coronary	  Pressure	  and	  Flow	  
2.2.1.1 Dual-­‐Sensor	  Pressure	  and	  Flow	  Measurements	  
Simultaneous	  pressure	  and	  flow	  measurements	  are	  required	  to	  distinguish	  the	  
relative	  effects	  of	  microvascular	  or	  epicardial	  resistances	  in	  patients	  with	  coronary	  
disease.	  The	  measurement	  of	  coronary	  flow	  reserve	  (CFR)	  can	  be	  assessed	  either	  by	  
using	  a	  Doppler	  sensor	  probe	  mounted	  on	  an	  intracoronary	  guide	  wire,	  or	  using	  
coronary	  thermodilution	  where	  the	  transit	  time	  of	  a	  room	  temperature	  bolus	  of	  
saline	  is	  tracked	  as	  it	  passes	  down	  a	  coronary	  artery.	  	  When	  a	  thermistor	  is	  attached	  
to	  a	  pressure	  sensor-­‐tipped	  guide	  wire	  the	  thermodilution	  technique	  can	  be	  used	  to	  
obtain	  simultaneous	  pressure	  and	  flow	  measurements	  that	  can	  be	  used	  to	  assess	  
microvascular	  resistance241.	  While	  robust	  and	  reliable,	  CFRthermo	  correlates	  well	  with	  
Doppler-­‐derived	  CFR242.	  However,	  there	  are	  some	  concerns	  about	  the	  physiological	  
derivation	  of	  this	  index	  as	  well	  as	  the	  effect	  of	  collateral	  flow	  on	  such	  measurements	  
in	  patients	  with	  significant	  epicardial	  stenosis230.	  In	  addition,	  for	  more	  detailed	  
information	  regarding	  instantaneous	  velocity	  measurements	  at	  specific	  time	  points	  
within	  the	  cardiac	  cycle	  a	  Doppler	  flow	  signal	  is	  required.	  	  Catheter-­‐based	  Doppler	  
systems	  were	  first	  introduced	  in	  the	  1970s	  and	  have	  since	  undergone	  many	  
improvements243.	  Until	  the	  development	  of	  the	  dual-­‐sensor	  Combowire®	  (Volcano	  
Therapeutics™,	  USA),	  see	  Figure	  15,	  the	  only	  way	  to	  measure	  simultaneous	  pressure	  
and	  flow	  measurements	  was	  using	  two	  separate	  wires,	  one	  mounted	  with	  a	  
piezoelectric	  Doppler	  probe	  and	  the	  other	  tipped	  with	  a	  pressure	  sensor.	  As	  well	  as	  
being	  inconvenient	  and	  unwieldy	  there	  was	  evidence	  that	  the	  very	  presence	  of	  the	  
second	  wire	  had	  a	  significant	  effect	  on	  the	  measurements	  taken	  with	  the	  other41.	  	  
The	  development	  of	  the	  Combowire	  therefore	  greatly	  facilitated	  the	  collection	  of	  
such	  data	  and	  it	  has	  been	  successfully	  used	  in	  numerous	  clinical	  studies	  investigating	  
the	  microcirculation41,	  238,	  240.	  In	  addition,	  simultaneous	  pressure	  and	  velocity	  
measurements	  are	  necessary	  for	  the	  estimation	  of	  arterial	  wave	  speed	  at	  a	  single	  
site244	  which	  has	  allowed	  the	  development	  of	  wave	  intensity	  analysis,	  an	  exciting	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Figure	  15. 0.014”	  Dual-­‐sensor	  guide	  wire,	  Combowire®	  (Volcano	  Therapeutics™,	  USA).	  On	  this	  
version	  of	  the	  wire	  (model	  9515),	  the	  pressure	  sensor	  is	  offset	  by	  30mm	  from	  the	  Doppler	  
sensor	  which	  is	  situated	  at	  the	  tip	  if	  the	  wire.	  Another	  version	  is	  available	  (model	  9500)	  
where	  both	  sensors	  are	  situated	  at	  the	  tip,	  although	  this	  can	  be	  more	  difficult	  to	  manipulate	  
in	  tortuous	  vessels	  or	  across	  tight	  lesions.	  	  
	  
	  
Figure	  16. Screenshop	  from	  the	  ComboMap™	  console	  showing	  simultaneous	  pressure	  and	  
flow	  measurements.	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2.2.1.2 In-­‐House	  Data	  on	  Reproducibility	  and	  Variance	  of	  Invasive	  Catheter	  
Techniques	  
Before	  embarking	  on	  studies	  involving	  invasive	  coronary	  pressure	  and	  flow	  
measurements	  it	  is	  important	  to	  assess	  repeatability	  and	  variance	  of	  the	  
measurements	  using	  the	  dual-­‐sensor	  Combowire®.	  	  In	  order	  to	  do	  this	  8	  consecutive	  
patients	  being	  considered	  for	  percutaneous	  coronary	  intervention	  (PCI)	  and	  pressure	  
wire	  assessment	  were	  selected	  and	  consented	  into	  the	  study*.	  As	  in	  standard	  clinical	  
use	  the	  wire	  was	  introduced	  into	  the	  coronary	  artery	  and	  the	  lesion	  was	  crossed	  
with	  a	  0.014”	  ComboWire®	  (Volcano®	  Theraputics,	  USA)	  and	  the	  tip	  positioned	  in	  the	  
distal	  vessel.	  3	  baseline	  measurements	  of	  pressure	  and	  flow	  were	  recorded.	  The	  
patient	  was	  then	  given	  a	  bolus	  of	  36μg	  intra-­‐coronary	  adenosine	  and	  a	  further	  set	  of	  
measurements	  taken	  during	  peak	  hyperaemia.	  The	  values	  were	  allowed	  to	  return	  to	  
baseline	  before	  this	  was	  repeated	  a	  further	  two	  times.	  All	  tracings	  were	  recorded	  for	  
off-­‐line	  analysis	  using	  dedicated	  software	  (StudyManager©)240.	  
Analysis	  
Baseline	  average	  peak	  velocity	  (APV)	  was	  measured	  as	  the	  average	  instantaneous	  
peak	  velocity	  (IPV)	  taken	  over	  3	  cardiac	  cycles.	  These	  values	  were	  also	  recorded	  at	  
peak	  hyperaemia.	  At	  peak,	  the	  pressure	  measurements	  in	  the	  distal	  coronary	  (Pd)	  
and	  aorta	  (Pa)	  were	  also	  recorded.	  	  From	  these	  values	  fractional	  flow	  reserve	  (FFR=	  
Pd/Pa),	  coronary	  flow	  reserve	  (CFR=	  APVpeak/APVbase),	  hyperaemic	  stenosis	  resistance	  
index	  (SR=Pa-­‐Pd/APVpeak)	  and	  index	  myocardial	  resistance	  (MR=Pd/APVpeak)	  as	  
previously	  described.	  All	  arterial	  pressure	  values	  were	  corrected	  to	  venous	  pressure	  
measurements	  taken	  from	  a	  catheter	  in	  the	  right	  atrium.	  	  As	  is	  consistent	  with	  other	  
similar	  studies,	  from	  the	  3	  sets	  of	  values	  recorded	  for	  each	  vessel	  (base	  and	  peak	  
measurements)	  the	  outlier	  was	  excluded	  and	  the	  statistical	  analysis	  performed	  on	  
the	  2	  closest	  sets	  of	  values.	  Variability	  was	  calculated	  as	  the	  standard	  deviation	  (SD)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*This	  number	  was	  based	  on	  previous	  similar	  validation	  studies240.	  Siebes	   M,	  
Verhoeff	  BJ,	  Meuwissen	  M,	  de	  Winter	  RJ,	  Spaan	  JA,	  Piek	  JJ.	  Single-­‐wire	  pressure	  and	  
flow	  velocity	  measurement	  to	  quantify	  coronary	  stenosis	  hemodynamics	  and	  effects	  
of	  percutaneous	  interventions.	  Circulation.	  2004;109:756-­‐762.	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divided	  by	  the	  mean	  and	  expressed	  as	  a	  percentage.	  Bland-­‐Altman	  plots	  were	  then	  
used	  to	  record	  the	  mean	  difference	  and	  standard	  error.	  	  
Results	  
14	  vessels	  in	  8	  patients	  were	  examined	  in	  the	  study.	  Measurements	  were	  
successfully	  taken	  in	  13	  vessels	  (5	  LAD,	  5	  Cx	  and	  3	  RCA).	  One	  set	  of	  data	  was	  
unusable	  due	  to	  poor	  quality	  of	  the	  traces.	  	  
	  







95%	  CI	   Standard	  
Error	  
Base	  APV	   19±7.9	   7.8	   2.16	   0.3-­‐4	   2.2	  
Peak	  APV	   33.5±11.5	   7.3	   3.43	   1.1-­‐5.8	   3.2	  
Pa	   73.3±11.8	   2.5	   2.56	   0.1-­‐5	   3.3	  
Pd	   58±10.7	   2.9	   2.57	   0.2-­‐2.9	   2.9	  
FFR	   0.79±0.16	   1.7	   0.02	   -­‐0.004-­‐0.05	   0.05	  
CFR	   1.8±0.6	   8.4	   0.2	   0.03-­‐0.3	   0.17	  
SR	   0.67±1	   12.3	   0.05	   0.006-­‐0.1	   0.27	  
MR	   2±0.72	   7.3	   0.21	   0.02-­‐0.4	   0.2	  
	  
Table	  1. Table	  of	  results	  for	  Combowire	  measurements	  taken	  from	  3	  sequential	  data	  sets	  
taken	  from	  13	  vessels	  in	  8	  patients.	  Variability	  was	  calculated	  as	  the	  standard	  deviation	  (SD)	  
divided	  by	  the	  mean	  and	  expressed	  as	  a	  percentage.	  APV	  =	  average	  peak	  velocity,	  Pa	  =	  mean	  
aortic	  pressure,	  Pd=	  mean	  distal	  coronary	  pressure,	  FFR	  =fractional	  flow	  reserve,	  CFR	  =coronary	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Figure	  17. Bland-­‐Altman	  Plots	  showing	  mean	  difference	  and	  standard	  error	  (SE)	  for	  A)	  Average	  
peak	  velocity	  (APV),	  B)	  coronary	  flow	  reserve	  (CFR),	  C)	  Pressure	  measurements,	  D)	  index	  
myocardial	  resistance	  (MRv),	  E)	  fractional	  flow	  reserve	  (FFR),	  and	  F)	  hyperaemic	  stenosis	  
resistance	  index	  (SRv).	  
	  
These	  data	  suggest	  a	  high	  degree	  of	  repeatability	  with	  low	  variance	  for	  Combowire	  
measurements	  in	  our	  institution	  that	  compare	  well	  to	  results	  from	  other	  centres	  
published	  in	  the	  literature240.	  	  
2.2.2 Pulse	  Wave	  Analysis	  
Assessment	  of	  the	  arterial	  pulse	  has	  been	  a	  major	  part	  of	  medical	  assessment	  and	  
investigation	  since	  the	  earliest	  times.	  The	  arterial	  pulse	  is	  of	  complex	  shape,	  varies	  
with	  age,	  differs	  in	  different	  arteries,	  and	  changes	  markedly	  with	  physiological	  and	  
pharmacological	  interventions.	  However,	  advances	  in	  pulse	  wave	  interpretation	  
have	  only	  been	  possible	  since	  the	  development	  of	  accurate	  high-­‐fidelity	  instruments	  
for	  invasive	  and	  non-­‐invasive	  pressure	  wave	  recording,	  and	  for	  a	  deeper	  
understanding	  of	  arterial	  hemodynamics	  to	  be	  achieved.	  This	  occurred	  with	  the	  
introduction	  of	  catheter-­‐tip	  manometers	  in	  the	  1970s,	  and	  with	  the	  development	  of	  
methods	  to	  characterize	  and	  analyze	  the	  arterial	  pulse	  in	  the	  frequency	  as	  well	  as	  
the	  time	  domain246.	  
2.2.2.1 Peripheral	  Vs.	  Central	  Measurement	  of	  the	  Aortic	  Pressure	  Waveform	  
In	  the	  majority	  of	  studies,	  limitations	  in	  the	  direct	  measurement	  of	  central	  aortic	  
systolic	  pressure	  mean	  that	  such	  measurements	  are	  usually	  estimated	  using	  a	  radial-­‐
aortic	  transfer	  function,	  such	  as	  that	  incorporated	  into	  a	  peripheral	  applanation	  
tonometer88,	  89,	  247,	  248.	  This	  transfer	  function	  has	  been	  validated	  to	  estimate	  reliably	  
central	  systolic	  blood	  pressure	  (and	  pulse	  pressure)	  at	  low	  workloads249	  but	  has	  not	  
been	  validated	  at	  higher	  heart	  rates/workloads	  which	  would	  limit	  it’s	  use	  in	  the	  
proposed	  studies	  for	  this	  thesis.	  Transfer	  functions	  do	  change	  during	  exercise	  250,	  
and	  therefore	  this	  technique	  may	  have	  limitations	  with	  respect	  to	  precise	  estimation	  
of	  central	  pressure	  at	  high	  heart	  rates/workloads.	  Limitations	  on	  the	  accuracy	  of	  
estimation	  of	  central	  pressure	  may	  also	  be	  imposed	  by	  calibration	  of	  peripheral	  
arterial	  waveforms	  by	  brachial	  cuff	  pressure251	  and	  by	  brachial-­‐to-­‐	  radial	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amplification252.	  Because	  of	  these,	  we	  sought	  to	  develop	  a	  protocol	  whereby	  central	  
aortic	  pressure	  would	  be	  measured	  directly	  using	  a	  high	  fidelity	  pressure-­‐sensor	  
tipped	  wire.	  The	  development	  of	  this	  protocol	  is	  described	  in	  more	  detail	  in	  Section	  
2.2.4	  below	  
2.2.2.2 Physiological	  Parameters	  Derived	  from	  the	  Central	  Aortic	  Pressure	  
Waveform	  
A	  typical	  central	  pressure	  waveform	  is	  shown	  in	  Figure	  8	  above.	  TF	  marks	  the	  foot	  
(start)	  of	  the	  pressure	  waveform.	  	  The	  time	  between	  two	  consecutive	  TF	  is	  the	  
cardiac	  cycle,	  or	  pulse,	  duration.	  P1	  is	  the	  pressure	  at	  the	  “first	  shoulder”	  
(“inflection”)	  that	  represents	  the	  non-­‐augmented	  systolic	  pressure	  that	  is	  devoid	  of	  
the	  effects	  of	  the	  reflected	  waveform.	  	  P2	  is	  the	  maximum	  height	  of	  the	  waveform	  
and	  represents	  the	  central	  systolic	  blood	  pressure	  (cSBP).	  TR	  is	  the	  time	  between	  TF	  
and	  Pi	  that	  denotes	  the	  round-­‐trip	  time	  taken	  for	  pressure	  waveform	  to	  be	  
propagated	  from	  the	  central	  aorta	  to	  the	  site	  of	  reflection	  and	  back	  again,	  which	  
results	  in	  pressure	  augmentation.	  	  The	  difference	  between	  P1	  and	  P2	  quantifies	  this	  
phenomenon	  (Aug).	  	  The	  lowest	  point	  of	  the	  pressure	  waveform	  is	  the	  central	  
diastolic	  blood	  pressure	  (cDBP,	  not	  shown),	  and	  the	  difference	  between	  cSBP	  and	  
cDBP	  is	  the	  central	  pulse	  pressure	  (cPP).	  	  Systolic	  (ejection)	  duration	  is	  defined	  as	  the	  
time	  between	  TF	  to	  the	  dicrotic	  notch;	  the	  latter	  corresponding	  to	  the	  global	  
maximum	  of	  the	  second	  derivative	  of	  the	  pressure	  waveform	  between	  the	  systolic	  
peak	  and	  the	  end	  of	  the	  pressure	  waveform.	  	  Diastolic	  duration	  is	  the	  time	  from	  the	  
dicrotic	  notch	  to	  the	  foot	  of	  the	  next	  wave.	  The	  diastolic	  time	  fraction	  (DTF)	  is	  the	  
diastolic	  duration	  expressed	  as	  a	  fraction	  of	  the	  pulse	  duration.	  	  The	  area	  under	  the	  
waveform	  (pressure-­‐time	  integral)	  during	  systole	  is	  the	  tension	  time	  index	  (TTI)	  and	  
that	  during	  diastole	  is	  the	  diastolic	  time	  index	  (DTI,	  hatched),	  which	  are	  indices	  for	  
myocardial	  oxygen	  consumption	  and	  supply	  respectively89.	  	  TTI	  and	  DTI	  divided	  by	  
the	  systolic	  and	  diastolic	  durations	  respectively	  constitute	  the	  mean	  systolic	  and	  
diastolic	  pressures.	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Figure	  18. Typical	  resting	  ascending	  aortic	  waveform	  in	  a	  healthy	  middle-­‐aged	  man.	  Two	  
systolic	  peaks	  are	  labeled	  P1	  and	  P2.	  The	  area	  under	  the	  curve	  (AUC)	  during	  systole	  is	  the	  
tension	  time	  index	  (TTI),	  and	  AUC	  during	  diastole	  is	  diastolic	  time	  index	  (DTI).	  TR	  is	  defined	  as	  
the	  time	  between	  the	  foot	  of	  the	  wave	  (TF)	  and	  the	  inflection	  point	  (Pi).	  
2.2.3 Wave	  Intensity	  Analysis	  	  
The	  majority	  of	  resistance	  within	  the	  coronary	  circulation	  takes	  place	  in	  the	  proximal	  
arteriolar	  resistance	  vessels.	  However,	  assessment	  of	  microvascular	  resistance	  using	  
epicardial	  measurements	  may	  be	  confounded	  by	  more	  distal	  (capillary	  and	  venous)	  
effects.	  Wave	  intensity	  analysis	  (WIA)	  is	  a	  technique	  that	  evaluates	  the	  proximal	  
(arteriolar)	  part	  of	  microvascular	  resistance	  more	  or	  less	  separately	  of	  these	  
downstream	  effects.	  	  
2.2.3.1 Theoretical	  Background	  
The	  shape	  of	  a	  pressure	  or	  flow	  waveform	  during	  a	  cardiac	  cycle	  results	  from	  the	  
interaction	  of	  successive	  forward	  and	  backward	  wave	  fronts.	  Wave	  travel	  in	  any	  
given	  direction	  carries	  information	  about	  its	  initiating	  event.	  WIA	  is	  based	  on	  the	  
method	  of	  characteristics,	  a	  mathematical	  technique	  for	  solving	  partial	  differential	  
equations	  and	  widely	  used	  in	  gas	  dynamics.	  Kim	  Parker	  and	  co-­‐workers	  first	  
addressed	  the	  problem	  of	  wave	  propagation	  in	  elastic	  arteries253	  	  and	  their	  
theoretical	  groundwork	  has	  subsequently	  be	  applied	  to	  a	  variety	  of	  vascular	  beds.	  	  	  
WIA	  is	  a	  time-­‐domain	  method	  and	  assumes	  that	  every	  wave	  can	  be	  reconstructed	  by	  
the	  superposition	  of	  an	  infinite	  number	  of	  wavefronts.	  No	  assumption	  regarding	  the	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periodicity	  of	  the	  interrogated	  signals	  or	  the	  linearity	  of	  the	  system	  under	  study	  is	  
necessary.	  The	  full	  mathematical	  derivation	  of	  WIA	  is	  not	  presented	  here	  but	  can	  be	  
found	  in	  the	  paper	  by	  Parker	  et	  al	  referenced	  above.	  WIA	  has	  dimensions	  of	  power	  
per	  unit	  area	  and	  refers	  to	  the	  power	  carried	  by	  the	  waves	  travelling	  in	  the	  blood	  
stream	  and	  not	  to	  the	  waves	  propagating	  in	  the	  vessel	  wall.	  	  It	  allows	  separation	  of	  
upstream	  from	  downstream	  originating	  events	  based	  on	  a	  single	  set	  of	  
measurements	  at	  an	  accessible	  site	  remote	  from	  where	  the	  waves	  were	  initiated244,	  
254.	  	  	  
WIA	  is	  uniquely	  suited	  to	  investigate	  events	  in	  the	  coronary	  circulation,	  where	  
forward	  waves	  originate	  in	  the	  left	  ventricular	  cavity	  and	  are	  transmitted	  to	  the	  
coronary	  vessels	  via	  the	  aorta,	  and	  backward	  waves	  originate	  in	  the	  small	  vessels	  
within	  the	  contracting	  or	  relaxing	  myocardium	  and	  are	  damped	  by	  the	  proximal	  
resistance	  arteries254.
	  	  
WIA	  can	  identify	  the	  origin	  and	  nature	  (acceleration	  or	  
deceleration	  of	  blood	  flow)	  of	  these	  overlapping	  waves	  and	  cast	  light	  on	  how	  the	  
complex	  interaction	  of	  ventricle,	  coronary	  artery,	  and	  myocardial	  microcirculation	  
produces	  the	  recognisable	  coronary	  pressure	  and	  flow	  profiles.	  These	  new	  concepts	  




2.2.3.2 The	  Pattern	  of	  Coronary	  Waves	  Generated	  Throughout	  the	  Cardiac	  Cycle	  
The	  application	  of	  WIA	  to	  the	  human	  coronary	  circulation	  was	  first	  carried	  out	  by	  
Davies	  et	  al245	  and	  the	  description	  below	  is	  adapted	  from	  their	  observations	  of	  
waves	  during	  the	  cardiac	  cycle.	  
Waves	  Occurring	  During	  Ventricular	  Contraction	  
The	  early	  backward-­‐traveling	  pushing	  wave	  (labelled	  1	  in	  Figure	  19)	  originates	  from	  
the	  microcirculation	  in	  early	  systole	  before	  opening	  of	  the	  aortic	  valve,	  when	  small	  
vessels	  that	  permeate	  throughout	  the	  myocardial	  beds	  are	  compressed	  by	  the	  
contracting	  ventricle,	  as	  described	  by	  Spaan	  et	  al43	  in	  the	  intramyocardial	  pump	  
model.	  This	  pushing	  wave	  propagates	  backwards	  along	  the	  coronary	  artery	  toward	  
the	  coronary	  ostium.	  Because	  of	  the	  severe	  impedance	  mismatch	  between	  the	  
coronary	  artery	  and	  the	  aorta,	  a	  large	  proportion	  of	  this	  wave	  is	  reflected	  back	  into	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the	  coronary	  artery	  (as	  a	  suction	  wave,	  because	  this	  is	  an	  “open-­‐ended”	  reflection).	  
This	  reflection	  is	  seen	  almost	  simultaneously	  because	  of	  the	  very	  short	  distance	  
between	  the	  proximal	  coronary	  artery	  (where	  the	  measurements	  are	  made)	  and	  the	  
coronary	  ostium.	  Both	  of	  these	  waves	  decelerate	  blood	  flow	  velocity	  within	  the	  
coronary	  artery.	  The	  dominant	  forward-­‐traveling	  pushing	  wave	  (labelled	  2	  in	  Figure	  
19)	  occurs	  early	  in	  systole	  and	  is	  caused	  by	  ventricular	  ejection.	  The	  wave	  is	  
transmitted	  from	  the	  lumen	  of	  the	  contracting	  ventricle	  into	  the	  aorta	  and	  thence	  
into	  the	  coronary	  artery.	  This	  wave	  continues	  along	  the	  coronary	  artery	  until	  it	  
meets	  a	  reflection	  site,	  such	  as	  a	  bifurcation	  or	  a	  microvascular	  bed,	  where	  a	  
proportion	  of	  the	  wave	  is	  reflected	  back	  toward	  the	  coronary	  ostium,	  to	  contribute	  
to	  the	  late	  backward-­‐traveling	  pushing	  wave	  (labelled	  3	  in	  Figure	  19).	  The	  other	  
contributor	  to	  this	  wave	  is	  compression	  of	  the	  distal	  coronary	  microcirculation.	  
Although	  both	  of	  these	  waves	  occur	  during	  ventricular	  contraction,	  the	  dominant	  
forward-­‐traveling	  pushing	  wave	  accelerates	  coronary	  blood	  flow,	  whereas	  the	  late	  
backward-­‐traveling	  pushing	  wave	  acts	  to	  decelerate	  coronary	  blood	  flow	  velocity.	  	  
Waves	  Occurring	  During	  Ventricular	  Relaxation	  	  
The	  next	  wave	  in	  the	  coronary	  artery	  circulation	  begins	  as	  the	  rate	  of	  contraction	  of	  
the	  ventricular	  lumen	  is	  decreasing.	  This	  deceleration	  results	  in	  increasing	  
“separation”	  tensions	  within	  the	  moving	  column	  of	  blood	  in	  the	  heart	  and	  aorta.	  
Soon	  these	  tensions	  build	  sufficiently	  to	  form	  a	  detectable	  wave,	  which	  is	  
transmitted	  along	  the	  aorta	  and	  into	  the	  coronary	  artery.	  This	  forward-­‐traveling	  
suction	  wave	  (labelled	  4	  in	  Figure	  19)	  has	  a	  suction	  action	  at	  the	  proximal	  end	  of	  the	  
coronary	  artery	  and	  slows	  coronary	  artery	  blood	  flow	  velocity.	  Continuing	  ventricular	  
relaxation	  eases	  the	  compressive	  forces	  on	  the	  small	  vessels	  lying	  within	  the	  
myocardium,	  which	  decreases	  the	  resistance	  of	  the	  microcirculation	  and	  lowers	  the	  
pressure	  at	  the	  distal	  end	  of	  the	  coronary	  artery.	  This	  initiates	  a	  suction	  wave—the	  
dominant	  backward	  traveling	  suction	  wave	  (labelled	  5	  in	  Figure	  19)—causing	  blood	  
to	  be	  accelerated	  forwards.	  There	  is	  a	  tug-­‐of-­‐war	  between	  these	  2	  competing	  
suction	  waves	  originating	  from	  opposite	  ends	  of	  the	  artery,	  overlapping	  in	  time.	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Figure	  19. Identification	  of	  waves	  in	  the	  human	  circumflex	  artery,	  waves	  originating	  proximally	  
(WI,	  upper	  panel),	  wave	  originating	  distally	  (WI,	  middle	  panel).	  Coronary	  artery	  flow	  velocity	  
and	  pressure	  is	  shown	  in	  the	  lower	  panel.	  Dashed	  line	  shows	  the	  onset	  of	  each	  wave	  
[Adapted	  from	  Davies	  et	  al,	  Circulation	  2006]245.	  
At	  first,	  the	  forward-­‐traveling	  suction	  wave	  predominates,	  but	  later	  the	  dominant	  
backward-­‐traveling	  suction	  wave	  becomes	  dominant	  as	  the	  myocardium	  ceases	  to	  
compress	  its	  small	  vessels.	  The	  dominant	  backward-­‐traveling	  suction	  wave	  continues	  
as	  the	  heart	  continues	  to	  relax,	  remaining	  the	  dominant	  wave	  until	  it	  is	  briefly	  
interrupted	  by	  the	  late	  forward-­‐traveling	  pushing	  wave	  (labelled	  6	  in	  Figure	  19).	  This	  
wave	  originates	  from	  the	  proximal	  end	  of	  the	  artery,	  coinciding	  with	  closure	  of	  the	  
aortic	  valve,	  when	  aortic	  pressure	  is	  briefly	  augmented.	  This	  proximal	  originating	  
wave	  accelerates	  blood	  still	  further,	  augmenting	  the	  actions	  of	  the	  distal	  
acceleration	  wave	  in	  the	  coronary	  artery.	  This	  wave	  is	  short-­‐lived,	  as	  the	  dominant	  
backward-­‐traveling	  suction	  wave	  once	  again	  becomes	  the	  dominant	  wave	  in	  the	  
coronary	  artery.	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Figure	  20. Sequence	  of	  energy	  waves	  in	  the	  human	  coronary	  artery	  during	  the	  cardiac	  cycle.	  
Arrows	  represent	  direction	  of	  wave	  motion	  rather	  than	  direction	  of	  blood	  flow	  [Adapted	  
from	  Davies	  et	  al	  Circulation	  2006].	  
	  
2.2.3.3 Details	  of	  WIA	  carried	  out	  for	  these	  studies	  
Net	  wave	  intensity	  (dI)	  represents	  the	  flux	  of	  energy	  carried	  by	  the	  wave	  per	  cross-­‐
sectional	  area	  of	  a	  vessel	  and	  is	  determined	  as	  the	  product	  of	  changes	  in	  pressure	  (P)	  
and	  velocity	  (U)	  at	  a	  single	  location	  253:	  	  
	   	   	   	   	   	   	   	   (1)	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dI	  can	  differentiate	  between	  upstream	  (dI+)	  and	  downstream	  (dI-­‐)	  traveling	  
contributions:	  	  
	   	   	   	   	   	   	   	   (2)	  	  
Forward	  waves	  (FW,	  dI+)	  travel	  in	  the	  direction	  of	  blood	  flow	  and	  are	  positive	  and	  
backward	  waves	  (BW,	  dI-­‐)	  travel	  in	  the	  opposite	  direction	  and	  are	  negative.	  	  
The	  separated	  forward	  and	  backward	  contributions	  are	  defined	  as257:	  	  
	  	   	   	   	   	   	   	   (3)	  	  
As	  discussed	  in	  the	  section	  above	  waves	  are	  also	  characterized	  by	  their	  effect	  on	  the	  
blood	  mass:	  compression	  waves	  increase	  pressure	  and	  expansion	  waves	  decrease	  
pressure.	  Thus,	  waves	  can	  be	  classified	  into	  four	  types:	  Forward	  compression	  wave	  
(FCW),	  forward	  expansion	  wave	  (FEW),	  backward	  compression	  wave	  (BCW)	  and	  
backward	  expansion	  wave	  (BEW).	  	  
In	  the	  coronary	  circulation,	  FWs	  arise	  from	  the	  left	  ventricular	  cavity	  and	  enter	  
coronary	  vessels	  via	  the	  aorta,	  and	  BWs	  originate	  in	  the	  small	  vessels	  that	  are	  
embedded	  within	  the	  contracting	  or	  relaxing	  myocardium258.	  	  	  Figure	  21	  below	  
shows	  the	  net	  coronary	  wave	  intensity	  and	  the	  separated	  forward	  and	  backward	  
contributions.	  The	  compression	  waves	  occur	  during	  contraction	  and	  the	  expansion	  
waves	  during	  the	  early	  relaxation	  phase	  of	  the	  cardiac	  cycle.	  	  
WI	  analysis	  was	  performed	  using	  a	  custom-­‐made	  program	  written	  in	  Delphi.	  After	  
Savitzky-­‐Golay	  filtering	  and	  ensemble	  averaging	  of	  the	  respective	  selected	  beats,	  net	  
coronary	  wave	  intensity	  was	  calculated	  as	  	  
	  	   	   	   	   	   	   	   (4)	  	  
in	  order	  to	  normalize	  for	  the	  sampling	  rate257.	  The	  separated	  forward	  and	  backward	  
contributions	  were	  then	  derived	  based	  on	  Eq.	  3.	  The	  energy	  carried	  by	  each	  of	  the	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four	  dominant	  waves	  was	  obtained	  by	  integrating	  the	  area	  under	  the	  respective	  
wave.	  
Figure	  21. 	  
Coronary	  net	  wave	  




coronary	  pressure	  (Pd)	  
and	  flow	  velocity	  (U)	  
waveforms	  used	  to	  
calculate	  dI	  are	  shown	  
on	  top.	  BCW	  and	  BEW	  
(1	  and	  4)	  come	  from	  
the	  microcirculation;	  
FCW	  and	  FEW	  (2	  and	  
3)	  come	  from	  the	  
coronary	  ostium.	  
	  
2.2.4 Assessment	  of	  Invasive	  Coronary	  Pressure	  and	  Flow	  During	  
Exercise	  Stress	  
2.2.4.1 What	  are	  the	  advantages	  of	  using	  exercise	  stress?	  
Exercise	  stress	  plays	  a	  unique	  role	  in	  the	  assessment	  and	  investigation	  of	  patients	  
with	  cardiac	  disease.	  A	  reduction	  in	  exercise	  capacity	  is	  often	  the	  first	  manifestation	  
of	  underlying	  cardiac	  problems	  and	  a	  knowledge	  of	  the	  complex	  local	  and	  systemic	  
haemodynamic	  adaptations	  that	  result	  from	  exercise	  are	  key	  to	  understanding	  how	  
and	  why	  these	  patients	  develop	  symptoms,	  and	  importantly	  how	  such	  symptoms	  
may	  be	  relieved	  through	  therapy.	  	  The	  metabolic	  requirement	  of	  exercising	  skeletal	  
muscle	  is	  met	  by	  an	  increase	  in	  cardiac	  output	  and	  subsequent	  increase	  in	  
myocardial	  oxygen	  demand	  as	  a	  result	  of	  increased	  heart	  rate	  and	  myocardial	  stroke	  
work.	  	  The	  onset	  and	  severity	  of	  symptoms	  in	  a	  patient	  will	  result	  from	  a	  complex	  
interaction	  of	  myocardial	  microvascular	  resistance,	  coronary	  stenosis	  severity,	  
coronary	  perfusion	  pressure	  and	  diastolic	  interval.	  Vasodilators	  such	  as	  adenosine	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and	  dipyridamole,	  or	  inotropes	  such	  as	  dobutamine	  are	  used	  in	  everyday	  practice	  as	  
pharmacological	  stressor	  agents	  in	  a	  wide	  range	  of	  cardiac	  investigations,	  including	  
echocardiography,	  nuclear	  perfusion	  and	  in	  the	  catheter	  lab	  to	  measure	  fractional	  
flow	  reserve	  (FFR).	  In	  research,	  rapid	  cardiac	  pacing	  has	  been	  advocated	  as	  an	  
additional,	  alternative	  stressor	  and	  while	  it	  reduces	  diastolic	  interval	  it	  may	  actually	  
reduce	  cardiac	  work	  by	  diminishing	  diastolic	  filling	  and	  hence	  stroke	  volume12.	  While	  
the	  effect	  of	  these	  different	  methods	  can	  simulate	  some	  of	  the	  haemodynamic	  
components	  of	  exercise,	  none	  can	  recapitulate	  its	  full	  effects	  and	  therefore	  such	  
methods	  do	  not	  provide	  an	  accurate	  impression	  of	  what	  is	  actually	  happening	  at	  the	  
time	  of	  onset	  of	  symptoms	  in	  the	  patient.	  	  
Exercise	  stress	  testing	  using	  either	  a	  treadmill	  or	  bicycle	  is	  widely	  used	  in	  the	  non-­‐
invasive	  sphere	  of	  cardiac	  investigation	  and	  research.	  	  In	  the	  catheter	  laboratory,	  
however,	  impracticalities	  have	  limited	  its	  use	  despite	  an	  increase	  in	  the	  interest	  and	  
utilization	  of	  invasive	  physiological	  measurements,	  both	  in	  the	  clinical	  assessment	  of	  
coronary	  disease259	  and	  as	  a	  research	  tool.	  The	  development	  of	  a	  combined	  pressure	  
and	  flow	  intracoronary	  wire	  240	  has	  further	  improved	  our	  capability	  to	  interrogate	  
the	  	  intricate	  haemodynamic	  events	  occurring	  at	  a	  coronary	  and	  microvascular	  level.	  	  
Vasodilator	  agents	  (primarily	  adenosine)	  are	  generally	  used	  to	  induce	  maximal	  blood	  
flow,	  or	  hyperaemia,	  either	  delivered	  locally	  or	  systemically.	  	  While	  the	  
administration	  of	  such	  agents	  may	  be	  sufficient	  to	  induce	  minimal	  microvascular	  
resistance	  or	  invoke	  a	  pressure	  drop	  across	  a	  coronary	  stenosis,	  such	  effects	  bear	  
little	  resemblance	  to	  the	  intense	  systemic	  haemodynamic	  impact	  of	  strenuous	  
exercise	  on	  the	  circulation.	  The	  effects	  of	  exercise	  on	  large	  artery	  haemodynamics	  
are	  also	  thought	  to	  play	  a	  key	  role	  in	  the	  manifestations	  of	  cardiac	  disease.	  	  Pulse	  
wave	  analysis88	  of	  the	  central	  aortic	  pressure	  trace	  as	  well	  as	  wave	  intensity	  analysis	  
of	  combined	  central	  pressure	  and	  flow	  measurements260	  have	  the	  potential	  to	  take	  
our	  understanding	  further	  but	  rely	  on	  high	  fidelity	  signals	  obtained	  invasively	  during	  
exercise.	  To	  date,	  there	  have	  been	  no	  published	  data	  examining	  the	  effects	  of	  
exercise	  stress	  on	  invasively-­‐acquired	  aortic	  and	  coronary	  pressure	  and	  flow	  data	  
obtained	  during	  cardiac	  catheterisation.	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Our	  purpose	  was	  to	  develop	  a	  protocol	  where	  invasive	  aortic	  and	  intracoronary	  
physiological	  measurements	  could	  be	  obtained	  during	  strenuous	  exercise	  stress	  in	  
patients	  undergoing	  cardiac	  catheterisation.	  	  
2.2.4.2 Development	  of	  the	  experimental	  protocol	  	  
The	  requirement	  for	  the	  development	  of	  this	  protocol	  was	  that	  measurements	  be	  
actually	  recorded	  during	  exercise	  stress	  rather	  than	  immediately	  before	  or	  after.	  	  
Under	  some	  circumstances	  bicycle	  stress	  is	  used	  immediately	  before	  measurements	  
of	  pulmonary	  artery	  pressure	  during	  right	  heart	  catheterisation	  via	  the	  brachial	  
vein261.	  However,	  in	  most	  patients	  there	  is	  a	  rapid	  decrement	  in	  peak	  heart	  rate	  that	  
occurs	  after	  the	  cessation	  of	  exercise262	  and	  in	  our	  study	  with	  the	  time	  that	  would	  be	  
taken	  to	  position	  the	  patient,	  intubate	  the	  coronary	  artery	  and	  pass	  the	  sensor	  wire	  
into	  the	  diseased	  vessel,	  this	  would	  not	  be	  possible.	  In	  addition,	  we	  wanted	  to	  
record	  the	  full	  range	  of	  data	  throughout	  exercise	  from	  baseline	  through	  incremental	  
increases	  in	  workload	  until	  peak	  stress	  and	  then	  through	  recovery.	  
Study	  Patients	  
Patients	  were	  recruited	  from	  routine	  waiting	  lists	  for	  percutaneous	  coronary	  
intervention	  (PCI)	  for	  single	  vessel	  coronary	  disease.	  Exclusion	  criteria	  were	  unstable	  
symptoms,	  previous	  myocardial	  infarction/CABG,	  impaired	  left	  ventricular	  (LV)	  
function,	  severe	  co-­‐morbidities,	  and	  inability	  to	  exercise.	  
Supine	  ergometer	  
A	  variety	  of	  methods	  to	  induce	  exercise	  stress	  were	  considered.	  Handgrip	  repetitive	  
exercise	  is	  simple	  and	  allows	  trans-­‐femoral	  arterial	  access.	  However,	  it	  only	  utilizes	  
the	  small	  muscles	  in	  the	  hand	  and	  forearm	  and	  does	  not	  induce	  the	  large	  
haemodynamic	  changes	  that	  accompany	  lower	  limb	  bulk	  muscle	  exercise89;	  hence	  it	  
is	  difficult	  to	  reach	  the	  ischaemic	  threshold	  in	  patients	  with	  coronary	  disease.	  
Straight	  leg-­‐raising	  is	  another	  option,	  but	  is	  difficult	  to	  standardize	  and	  ensure	  
consistency	  of	  workload.	  Again	  it	  is	  difficult	  for	  patients	  to	  reach	  their	  ischaemic	  
threshold	  through	  this	  technique	  alone.	  	  After	  due	  deliberation,	  a	  specially	  adapted	  
supine	  cycle	  ergometer	  (Ergosana®,	  Germany)	  was	  selected	  (see	  Figure	  22	  below)	  
which	  allows	  a	  standardized	  and	  incremental	  increase	  in	  workload,	  as	  well	  as	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allowing	  leg	  movements	  familiar	  to	  most	  patients.	  	  Supine	  cycle	  ergometers	  are	  
commonly	  used	  in	  other	  settings,	  such	  as	  stress	  echocardiography,	  where	  the	  
patients	  exercise	  to	  their	  ischaemic	  threshold.	  	  A	  special	  clamping	  mechanism	  to	  
allow	  the	  bike	  (which	  weighs	  in	  excess	  of	  60	  kilograms)	  to	  be	  firmly	  attached	  to	  the	  
catheter	  laboratory	  table	  was	  designed	  and	  built	  by	  the	  engineering	  department	  at	  
our	  institution	  as	  well	  as	  a	  mechanism	  for	  its	  rapid	  fitting	  to,	  and	  removal	  from,	  the	  
table.	  The	  device	  was	  then	  thoroughly	  tested	  by	  the	  local	  health	  and	  safety	  team	  to	  
ensure	  it	  complied	  with	  all	  safety	  regulations	  and	  did	  not	  hinder	  the	  movement	  of	  
the	  table	  or	  interfere	  with	  the	  ability	  of	  the	  team	  to	  carry	  out	  the	  catheter	  procedure	  
or	  deal	  with	  its	  rare	  acute	  complications.	  	  
Figure	  22. Supine	  
cycle	  ergometer	  (Ergosana®,	  
Germany)	  with	  purpose	  
made	  mechanism	  to	  and	  
from,	  and	  to	  attach	  to,	  the	  
catheter	  lab	  table.	  
	  
Supine	  Vs.	  Upright	  Exercise	  
For	  the	  purposes	  of	  this	  study	  where	  the	  intention	  was	  to	  record	  invasive	  
physiological	  data	  in	  the	  catheterisation	  lab	  actually	  during	  exercise,	  we	  were	  
obliged	  to	  use	  supine	  exercise.	  Supine	  exercise	  has	  been	  used	  in	  numerous	  previous	  
physiological	  studies104,	  263,	  264.	  In	  one	  such	  study,	  Sowton	  et	  al	  measured	  
hemodynamic	  changes	  in	  a	  group	  of	  young	  subjects	  (some	  with	  pulmonary	  valve	  
disease)	  during	  both	  upright	  and	  supine	  exercise263.	  The	  alteration	  in	  posture	  from	  
lying	  supine	  to	  sitting	  erect	  on	  the	  bicycle	  ergometer	  was	  accompanied	  by	  a	  mean	  
fall	  in	  cardiac	  output	  of	  25	  per	  cent;	  the	  stroke	  volume	  fell	  by	  36	  per	  cent	  and	  there	  
was	  a	  12	  per	  cent	  increase	  in	  the	  heart	  rate.	  These	  changes	  are	  in	  agreement	  with	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previous	  reports265	  and	  the	  authors	  emphasized	  the	  necessity	  for	  the	  body	  position	  
during	  the	  control	  measurements	  to	  be	  accurately	  stated	  (and	  then	  maintained).	  In	  
the	  current	  study	  all	  measurements	  refer	  to	  the	  supine	  body	  position	  during	  
exercise,	  with	  patients	  acting	  as	  their	  own	  controls	  and	  without	  movement	  in	  
between,	  therefore	  we	  do	  not	  envisage	  body	  position	  having	  any	  impact	  on	  these	  
data	  comparisons.	  In	  addition,	  supine	  bicycle	  exercise	  electrocardiography	  has	  been	  
shown	  to	  be	  significantly	  more	  sensitive,	  yet	  equally	  specific	  for	  the	  detection	  of	  
coronary	  ischaemia	  when	  compared	  with	  upright	  treadmill	  exercise266.	  
Catheter	  laboratory	  protocol	  
Patients	  were	  positioned	  on	  the	  catheter	  lab	  table	  in	  the	  standard	  fashion	  and	  a	  
vacuum	  cushion	  containing	  small	  polystyrene	  balls	  placed	  beneath	  their	  shoulders	  to	  
keep	  their	  position	  and	  prevent	  cranial	  migration	  during	  cycling.	  They	  were	  
familiarized	  with	  the	  bike	  and	  had	  a	  short	  practice	  session	  to	  ensure	  they	  were	  
comfortable	  cycling	  and	  at	  ease.	  Their	  legs	  were	  then	  removed	  from	  the	  pedals	  and	  
they	  were	  draped	  in	  the	  usual	  fashion.	  Extension	  manometer	  lines	  were	  used	  to	  
allow	  the	  equipment	  from	  the	  manifold	  to	  reach	  around	  the	  bike	  to	  the	  radial	  artery	  
access	  site.	  Patients	  were	  catheterized	  via	  the	  right	  radial	  artery	  using	  a	  standard	  6F	  
arterial	  sheath.	  3000u	  heparin	  and	  1	  milligram	  Isoket®	  were	  injected	  into	  the	  sheath.	  
Right	  and	  left	  coronary	  angiograms	  were	  then	  taken	  using	  standard	  diagnostic	  
catheters.	  A	  standard	  6F	  guiding	  catheter	  was	  then	  introduced	  and	  positioned	  in	  the	  
aortic	  root.	  A	  dual	  sensor	  pressure-­‐flow	  0.014”	  intracoronary	  wire	  (Combowire®,	  
Volcano	  Therapeutics®,	  USA)	  was	  then	  connected	  to	  the	  ComboMap®	  console	  
(Volcano®	  Therapeutics,	  USA)	  and	  positioned	  at	  the	  tip	  of	  the	  guide.	  A	  single	  sensor	  
0.014”	  pressure	  wire	  (Brightwire®,	  Volcano	  Therapeutics®,	  USA),	  which	  provides	  a	  
high	  fidelity	  proximal	  pressure	  signal	  (Pa),	  was	  attached	  to	  the	  aortic	  input	  port	  on	  
the	  ComboMap	  via	  an	  analogue	  transducer	  (SmartMap®,	  Volcano	  Therapeutics®,	  
USA)	  and	  zeroed	  to	  gravity.	  It	  was	  then	  positioned	  alongside	  the	  Combowire	  at	  the	  
tip	  of	  the	  guide	  and	  the	  pressure	  trace	  (Pd)	  on	  the	  Combowire	  was	  normalized	  to	  the	  
pressure	  wire	  trace.	  The	  guide	  was	  then	  inserted	  into	  the	  coronary	  ostium	  and	  the	  
Combowire	  passed	  distal	  to	  the	  stenosis	  in	  the	  target	  coronary	  artery	  and	  the	  wire	  
manipulated	  until	  a	  good	  Doppler	  flow	  trace	  was	  obtained.	  Intracoronary	  nitrates	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were	  not	  given,	  to	  maintain	  as	  close	  to	  real	  life	  conditions	  as	  possible.	  At	  this	  point	  
the	  guide	  was	  disengaged,	  carefully	  avoiding	  displacing	  the	  Combowire,	  and	  the	  
pressure	  wire	  was	  passed	  into	  the	  aortic	  root	  and	  a	  stable	  pressure	  signal	  obtained	  
(see	  Figure	  23	  below).	  	  Finally,	  a	  servo-­‐controlled	  finger	  pressure	  cuff	  (Finometer,	  
Finapres	  Medical	  Systems®)	  was	  positioned	  and	  used	  to	  record	  the	  peripheral	  
pressure	  waveform.	  All	  data	  were	  recorded	  at	  100	  Hz	  and	  stored	  on	  a	  disk	  for	  off-­‐
line	  analysis.	  	  	  	  
Exercise	  protocol	  
When	  the	  set-­‐up	  was	  complete	  the	  patient’s	  feet	  were	  fitted	  into	  the	  pedals	  on	  the	  
bike	  and	  baseline	  measurements	  were	  taken	  before	  the	  patient	  underwent	  2	  periods	  
of	  exercise	  (see	  Figure	  24	  below).	  The	  exercise	  protocol	  is	  a	  standardised	  
incremental	  programme	  based	  on	  the	  patients	  weight	  and	  age,	  typically	  starting	  at	  
25W	  and	  increasing	  by	  20W	  each	  minute.	  Exercise	  was	  continued	  until	  any	  of	  the	  
following	  occurred,	  1)	  ST	  depression	  >3mm,	  2)	  maximum	  age-­‐related	  heart	  rate,	  3)	  
severe	  chest	  pain,	  4)	  physical	  exhaustion,	  5)	  occurrence	  of	  adverse	  conditions	  such	  
as	  hypotension,	  severe	  arrhythmia	  or	  dyspnoea.	  
Coronary	  flow	  and	  pressure	  data,	  ECG,	  central	  aortic	  pressure	  and	  peripheral	  
pressure	  waveforms	  were	  recorded	  continuously	  throughout	  exercise	  and	  recovery.	  	  
At	  intervals	  throughout	  the	  exercise	  protocol	  the	  aortic	  root	  was	  screened	  to	  ensure	  
the	  correct	  position	  of	  the	  wires	  and	  the	  guide.	  	  At	  the	  end	  of	  the	  study	  protocol	  the	  
patient	  underwent	  their	  planned	  percutaneous	  revascularization	  procedure.	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Figure	  23. Still	  image	  showing	  a	  6F	  guiding	  catheter	  with	  a	  dual	  sensor	  pressure-­‐flow	  wire	  
(Combowire)	  positioned	  in	  the	  left	  anterior	  descending	  artery	  (LAD)	  and	  a	  pressure	  wire	  
positioned	  in	  the	  aortic	  root.	  
Intracoronary	  and	  large	  artery	  measurements	  
A	  full	  interrogation	  of	  the	  pressure	  waveforms	  from	  within	  the	  arterial	  tree:	  from	  the	  
distal	  coronary	  artery	  to	  central	  aortic	  pressure	  to	  the	  peripheral	  circulation,	  was	  
obtained	  throughout	  dynamic	  exercise	  as	  well	  as	  simultaneous	  flow	  measurements	  
from	  the	  distal	  coronary	  artery	  .	  The	  data	  were	  then	  imported	  into	  Matlab™	  (The	  
MathWorksInc®,	  USA)	  and	  an	  average	  signal	  obtained	  across	  each	  minute	  during	  
exercise	  and	  recovery	  and	  used	  for	  further	  analysis.	  	  Haemodynamic	  data	  recorded	  
at	  baseline	  and	  peak	  exercise	  are	  presented	  as	  mean	  ±	  standard	  deviation	  (SD).	  
Paired	  student’s	  t-­‐tests	  were	  used	  to	  compare	  group	  means	  at	  rest	  and	  peak	  stress.	  	  
P<0.005	  suggested	  statistical	  significance.	  
Ethics	  
The	  study	  protocol	  was	  approved	  by	  the	  local	  research	  ethics	  committee	  
(08/H0802/136)	  and	  all	  participants	  signed	  a	  written	  consent	  form.	  They	  completed	  
a	  feedback	  questionnaire	  following	  the	  study	  detailing	  every	  aspect	  of	  their	  
experience.	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Figure	  24. The	  set-­‐up	  in	  the	  cath	  lab	  during	  an	  experimental	  exercise	  protocol.	  	  The	  patient	  is	  
cycling	  while	  catheterized	  via	  the	  right	  radial	  artery	  with	  the	  Combowire	  down	  that	  LAD	  and	  
a	  pressure	  wire	  in	  the	  aortic	  root.	  The	  Combomap	  console	  is	  visible	  to	  the	  left	  of	  the	  picture.	  
	  
	  
Figure	  25. Arterial	  pressure	  tracings	  taken	  at	  peak	  exercise	  showing	  the	  superior	  quality	  of	  the	  
central	  aortic	  pressure	  tracings	  obtained	  from	  the	  high	  fidelity	  pressure	  wire	  in	  the	  aortic	  
root	  compared	  to	  the	  standard	  tracings	  obtained	  from	  the	  fluid-­‐filled	  catheter	  from	  the	  tip	  of	  
the	  guide.	  The	  arrows	  demarcate	  the	  first	  shoulder	  (necessary	  to	  calculate	  pressure	  
augmentation,	  for	  example)	  and	  the	  dicrotic	  notch	  respectively.	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2.2.4.3 Results	  
5	  patients	  (4	  male,	  age	  54±7.5	  years)	  who	  fulfilled	  the	  inclusion	  criteria	  were	  
recruited	  into	  the	  study.	  Details	  of	  each	  case	  are	  given	  below.	  All	  successfully	  
completed	  the	  protocol,	  exercising	  for	  6.4±0.5	  minutes	  with	  an	  increase	  in	  heart	  rate	  
from	  72.8±8.1	  baseline	  to	  120.6±8.9	  (p<0.0001)	  peak	  and	  rate	  pressure	  product	  
(RPP,	  mmHg.min-­‐1)	  from	  95.8±17.9	  x	  103	  to	  200.3±33.6	  x103	  (p=0.001).	  Coronary	  
average	  peak	  velocity	  (APV)	  went	  from	  18.7±6.5	  to	  31.4±5.8	  cm.sec-­‐1	  (p=0.002).	  	  
There	  were	  no	  complications.	  All	  data	  were	  of	  sufficient	  quality	  for	  further	  analysis.	  	  
Full	  haemodynamic	  data	  are	  presented	  in	  Table	  2.	  
Case	  1	  
66	  year	  old	  male	  with	  a	  background	  of	  hypertension	  and	  exertional	  angina	  with	  an	  
equivocal	  ETT.	  Angiogram	  showed	  a	  moderate	  lesion	  in	  the	  LAD	  with	  a	  50%	  diameter	  
stenosis	  and	  mild	  atheromatous	  disease	  in	  the	  other	  vessels.	  The	  patient	  underwent	  
the	  full	  protocol	  with	  the	  Combowire	  in	  the	  LAD.	  He	  exercised	  for	  6.5	  minutes	  and	  
stopped	  as	  target	  heart	  rate	  was	  achieved.	  He	  had	  no	  chest	  pain	  or	  ECG	  changes.	  
Case	  2	  
51	  year	  old	  male	  with	  a	  background	  of	  smoking	  and	  dyslipidaemia	  and	  exertional	  
angina	  with	  a	  dobutamine	  stress	  echo	  suggesting	  a	  small	  area	  of	  apical	  ischaemia.	  
Angiogram	  showed	  diffuse	  disease	  in	  the	  mid-­‐LAD	  with	  a	  severe	  stenosis	  at	  the	  
ostium	  of	  a	  small	  diagonal.	  The	  patient	  underwent	  the	  full	  protocol	  with	  the	  
Combowire	  down	  the	  LAD.	  He	  exercised	  for	  7	  minutes	  and	  stopped	  because	  of	  chest	  
pain	  and	  some	  ST	  depression.	  There	  was	  no	  pressure	  gradient	  along	  the	  LAD	  but	  a	  
relatively	  modest	  flow	  reserve	  suggested	  some	  potential	  microvascular	  dysfunction.	  	  
Case	  3	  
55	  year	  old	  male	  with	  a	  background	  of	  hypertension	  and	  exertional	  chest	  pain	  and	  a	  
positive	  ETT.	  	  Angiogram	  showed	  a	  moderate	  lesion	  in	  the	  RCA.	  The	  patient	  
underwent	  the	  full	  protocol	  with	  the	  Combowire	  in	  the	  RCA.	  He	  exercised	  for	  6.9	  
minutes	  and	  stopped	  because	  he	  reached	  his	  target	  heart	  rate.	  There	  were	  some	  
minor	  ECG	  changes	  but	  no	  he	  did	  not	  suffer	  chest	  pain.	  Again,	  a	  modest	  flow	  reserve	  
suggests	  microvascular	  dysfunction.	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Case	  4	  
52	  year	  old	  male	  with	  a	  background	  of	  hypertension,	  smoking	  and	  a	  strong	  family	  
history	  presented	  with	  exertional	  angina.	  Angiogram	  showed	  a	  moderate	  lesion	  in	  a	  
large	  dominant	  RCA	  with	  a	  60%	  diameter	  stenosis.	  	  The	  patient	  underwent	  the	  full	  
protocol	  with	  the	  wire	  in	  the	  RCA	  and	  exercised	  for	  5.8	  minutes	  before	  stopping	  due	  
to	  leg	  tiredness.	  	  
Case	  5	  
48	  year	  old	  female	  with	  a	  background	  of	  diabetes	  and	  dyslipidaemia	  and	  exertional	  
angina.	  Angiogram	  showed	  a	  severe	  lesion	  in	  the	  LAD	  with	  an	  80%	  diameter	  
stenosis.	  	  She	  underwent	  the	  full	  protocol	  with	  the	  Combowire	  in	  the	  LAD	  and	  
managed	  6	  minutes	  before	  she	  had	  to	  stop	  because	  of	  chest	  pain	  and	  significant	  ST	  













!HR !SBP !DBP !Pa Pd !RPP APV Pd/Pa SR MR
Pt!1 72.3 152.5 91.8 127.6 118.7 110.2 29.7 0.9 0.3 4.0
Pt!2 81.9 122.4 80.9 98.6 96.3 100.2 13.4 1.0 0.2 7.2
Pt!3 75.3 172.5 84.7 130.6 128.1 129.9 15.1 1.0 0.2 8.5
Pt!4 59.5 121.7 79.9 103.7 94.9 72.4 18.3 0.9 0.5 5.2
Pt!5 61.0 145.0 43.8 94.4 90.6 88.4 16.6 1.0 0.2 5.5
Mean 70.0 142.8 76.2 111.0 105.7 100.2 18.7 1.0 0.3 6.1
SD 9.5 21.5 18.7 16.9 16.6 21.8 6.5 0.0 0.1 1.8
!HR !SBP !DBP Pa Pd !RPP APV Pd/Pa SR MR
Pt!1 126.3 207.0 114.8 153.5 148.3 261.5 38.5 1.0 0.2 4.8
Pt!2 124.5 176.6 98.5 135.0 126.2 219.8 29.7 0.9 0.3 4.3
Pt!3 119.0 177.5 97.9 150.6 143.9 211.3 24.4 1.0 0.3 6.0
Pt!4 127.7 159.9 102.9 129.1 112.8 204.1 36.0 0.9 0.5 3.1
Pt!5 125.2 189.5 57.4 123.2 96.0 236.9 28.3 0.8 1.0 3.4
Mean 124.5 182.1 94.3 138.3 125.4 226.7 31.4 0.9 0.4 4.3
SD 3.3 17.5 21.7 13.3 21.8 23.0 5.8 0.1 0.3 1.1
p!value* 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.3 0.1
Baseline
Peak
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Table	  2. Haemodynamic	  data	  from	  the	  5	  study	  patients	  recorded	  at	  baseline	  and	  peak	  
exercise.	  HR	  =	  heart	  rate,	  beats	  per	  minute;	  SBP	  =	  central	  systolic	  blood	  pressure,	  mmHg;	  DBP	  
=central	  diastolic	  blood	  pressure,	  mmHg;	  Pa	  =	  mean	  central	  arterial	  pressure,	  mmHg;	  Pd=	  distal	  
coronary	  pressure,	  mmHg;	  RPP	  =	  rate	  pressure	  product	  (=HR	  x	  SBP),	  mmHg.min-­‐1;	  APV=	  average	  
peak	  velocity	  (distal	  coronary),	  cm.sec-­‐1;	  SR	  =stenosis	  resistance	  (ΔP/APV);	  MR=microvascular	  
resistance	  (Pd/APV).	  *paired	  student’s	  T-­‐test.	  	  
2.2.4.4 Discussion	  of	  technique	  and	  modifications	  
This	  study	  demonstrates	  that	  exercise	  stress	  can	  be	  used	  in	  the	  catheter	  laboratory	  
to	  obtain	  useful	  and	  good	  quality	  invasive	  physiological	  data.	  The	  protocol	  is	  
complex	  but	  became	  more	  practicable	  with	  each	  case.	  The	  5th	  case	  (6	  minutes	  
exertion)	  added	  about	  30	  minutes	  to	  the	  usual	  procedure	  duration.	  	  There	  were	  no	  
complications	  during	  this	  early	  feasibility	  study	  and	  all	  patients,	  given	  sufficient	  
preparation	  and	  encouragement,	  managed	  to	  complete	  the	  protocol	  with	  a	  good	  
increment	  in	  workload	  as	  suggested	  by	  RPP.	  	  Although	  all	  the	  patients	  recruited	  had	  
exertional	  angina	  and	  background	  risk	  factors	  for	  IHD,	  only	  case	  5	  had	  
angiographically	  and	  functionally	  significant	  disease	  with	  an	  apparent	  pressure	  drop	  
across	  the	  stenosis	  that	  became	  significant	  with	  exercise.	  Interestingly,	  the	  addition	  
of	  i.c.	  adenosine	  at	  the	  end	  of	  the	  case	  to	  confirm	  the	  functional	  severity	  of	  the	  
lesion	  demonstrated	  an	  FFR	  of	  0.51*,	  much	  lower	  than	  the	  Pd/Pa	  ratio	  of	  0.78	  
obtained	  at	  peak	  exercise.	  This	  suggests	  that	  even	  during	  conditions	  of	  ischaemia	  
there	  was	  still	  some	  vasodilatory	  reserve	  within	  the	  perfusion	  territory	  of	  this	  vessel;	  
perhaps	  mediated	  by	  the	  vasoconstrictor	  effects	  of	  adreno-­‐receptor	  stimulation	  
during	  exercise.	  Such	  effects	  have	  been	  demonstrated	  in	  animal	  studies78.	  While	  
cases	  2	  and	  3	  did	  not	  have	  severe	  epicardial	  disease	  an	  attenuated	  flow	  reserve	  
suggested	  some	  microvascular	  dysfunction	  which	  may	  have	  been	  contributing	  to	  
their	  symptoms.	  	  
Each	  iteration	  in	  the	  development	  of	  the	  protocol	  merited	  careful	  consideration	  with	  
paramount	  concern	  for	  the	  safety	  of	  the	  study	  participants.	  There	  was	  some	  anxiety	  
about	  the	  potential	  traumatic	  effect	  of	  the	  guide	  tip	  on	  the	  coronary	  ostium	  during	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  By	  definition	  FFR	  can	  only	  be	  determined	  under	  confirmed	  conditions	  of	  maximal	  
hyperaemia	   or	  minimal	  microvascular	   resistance,	   such	   as	   during	   administration	   of	  
adenosine.	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exercise.	  This	  was	  mitigated	  by	  disengaging	  the	  guide	  and	  leaving	  the	  tip	  well	  away	  
from	  the	  coronary	  ostium	  throughout	  exercise.	  	  In	  addition,	  the	  use	  of	  the	  second	  
wire	  in	  the	  aortic	  root	  helped	  prevent	  the	  guide	  from	  accidently	  re-­‐engaging	  with	  
the	  coronary	  ostium.	  By	  using	  a	  pressure	  wire	  for	  this	  purpose	  it	  allowed	  high-­‐fidelity	  
pressure	  tracings	  far	  superior	  to	  those	  that	  would	  have	  been	  obtained	  from	  a	  fluid-­‐
filled	  catheter	  alone	  (see	  Figure	  25).	  	  The	  quality	  of	  the	  signal	  from	  the	  pressure	  wire	  
was	  sufficient	  for	  pulse	  wave	  analysis	  to	  determine	  systolic	  augmentation,	  wave	  
reflection,	  diastolic	  time	  fraction	  and	  other	  variables	  that	  would	  not	  be	  possible	  
using	  the	  highly	  filtered	  trace	  from	  the	  fluid	  filled	  catheter.	  	  
2.2.4.5 Conclusion	  
It	  is	  feasible	  to	  obtain	  good	  quality,	  invasive	  intracoronary	  and	  central	  aortic	  
physiological	  data	  during	  strenuous	  exercise	  stress	  in	  patients	  undergoing	  cardiac	  
catheterization.	  The	  protocol	  develop	  during	  these	  preliminary	  studies	  was	  used	  in	  
the	  main	  study	  and	  the	  results	  can	  be	  found	  in	  Chapter	  5.	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2.3 Cardiac	  Magnetic	  Resonance	  Imaging	  Methods	  
2.3.1 Determining	  Infarct	  Size	  and	  Microvascular	  Obstruction	  
Cardiac	  magnetic	  resonance	  (CMR)	  has	  emerged	  as	  a	  powerful	  tool	  in	  the	  
assessment	  of	  ventricular	  function,	  perfusion	  and	  viability	  in	  AMI.	  	  Many	  studies	  
using	  CMR	  have	  tracked	  the	  complex	  changes	  that	  occur	  in	  ventricular	  structure	  and	  
function	  post	  AMI	  in	  both	  animal	  models	  and	  humans267.	  Its	  high	  spatial	  resolution	  
and	  reproducibility	  make	  it	  an	  excellent	  tool	  for	  assessing	  ventricular	  function	  over	  
time268	  and	  allow	  discernable	  differences	  between	  groups	  with	  small	  study	  
populations269.	  The	  first-­‐pass	  administration	  of	  gadolinium-­‐DTPA	  (Gd-­‐DTPA),	  
myocardial	  perfusion	  can	  be	  assessed	  both	  at	  rest	  and	  with	  stress.	  	  Hypo-­‐enhanced	  
areas	  in	  the	  first	  few	  minutes	  after	  the	  gadolinium	  injection	  correlate	  very	  closely	  
with	  regions	  of	  microvascular	  obstruction	  documented	  by	  radioactive	  microspheres	  
and	  histological	  staining	  of	  post	  mortem	  specimens	  with	  thioflavin205.	  Delayed	  
hyper-­‐enhancement	  (10-­‐20	  min)	  after	  gadolinium	  injection	  enables	  precise	  
localisation	  of	  myocardial	  infarction	  (acutely)	  and	  scar	  (chronically)	  over	  the	  full	  
range	  of	  infarct	  size204.	  	  See	  The	  pathophysiology	  of	  infarct	  healing	  and	  LV	  
remodeling	  has	  been	  studied	  in	  a	  canine	  model	  of	  AMI	  using	  Gd-­‐DTPA	  enhanced	  
CMR270.	  Infarct	  healing	  seemed	  to	  be	  an	  ongoing	  process,	  with	  early	  infarct	  
expansion	  followed	  by	  infarct	  resorption,	  scar	  formation,	  and	  late	  wall	  thinning.	  
Necrotic	  myocytes,	  interstitial	  oedema,	  hemorrhage,	  and	  inflammatory	  cells	  are	  
resorbed	  and	  replaced	  by	  collagenous	  scar	  tissue.	  During	  the	  phase	  of	  initial	  infarct	  
expansion	  it	  has	  been	  shown	  that	  flow	  within	  the	  infarct	  region	  is	  non-­‐uniform	  with	  
MVO	  continuing	  to	  progress	  for	  up	  to	  48	  hours	  following	  reperfusion131.	  Gadolinium	  
enhancement	  has	  been	  used	  to	  track	  the	  changes	  in	  infarct	  morphology	  over	  time	  in	  
humans.	  Following	  reperfusion	  of	  AMI	  there	  was	  about	  a	  30%	  reduction	  in	  infarct	  
volume	  at	  5	  months	  with	  some	  recovery	  of	  function271.	  Segments	  containing	  little	  
MVO	  showed	  good	  recovery,	  with	  improved	  wall	  thickening	  and	  function.	  Segments	  
containing	  MVO	  became	  thinned	  and	  scarred	  at	  5	  months	  and	  showed	  minimal	  
recovery.	  	  Such	  microvascular	  perfusion	  defects	  are	  widespread	  and	  can	  be	  
demonstrated	  in	  a	  large	  proportion	  of	  AMI	  patients	  despite	  excellent	  angiographic	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results	  after	  primary	  PCI272.	  	  The	  presence	  of	  severely	  delayed	  microvascular	  
reperfusion	  is	  predictive	  of	  impaired	  LV	  systolic	  function	  independently	  of	  the	  
transmurality	  of	  infarction	  and	  is	  a	  strong	  predictor	  of	  adverse	  cardiovascular	  
complications	  even	  after	  control	  for	  infarct	  size273.	  CMR	  has	  been	  shown	  to	  be	  safe	  
in	  patients	  within	  24	  hours	  of	  stent	  placement	  in	  patients	  undergoing	  primary	  
angioplasty	  for	  AMI272.	  	  
In	  the	  present	  thesis	  CMR	  was	  used	  to	  determine	  infarct	  size,	  as	  well	  as	  the	  burden	  
of	  MVO	  at	  baseline	  and	  at	  3	  months	  in	  the	  postconditioning	  study	  (see	  Chapter	  3).	  
Its	  low	  variability	  and	  excellent	  reproducibility	  reduce	  the	  sample	  size	  to	  detect	  
differences	  in	  such	  studies268,	  269	  and	  make	  it	  the	  ideal	  choice	  for	  comparing	  these	  
endpoints	  both	  across	  subjects	  initially	  and	  within	  subjects	  at	  follow-­‐up.	  Standard	  
infarct	  and	  MVO	  detection	  sequences	  were	  used.	  For	  further	  specific	  details	  
regarding	  these,	  as	  well	  as	  the	  quantification	  methods	  used,	  see	  Chapter	  3.	  
2.3.2 Dynamic	  Contrast	  Enhanced	  Perfusion	  Methods	  
MR	  first	  pass	  perfusion	  imaging	  has	  become	  a	  valuable	  clinical	  tool	  for	  the	  
assessment	  of	  myocardial	  perfusion274.	  The	  development	  of	  high	  spatial	  resolution	  
perfusion	  techniques	  holds	  great	  potential	  to	  examine	  the	  changes	  in	  endo-­‐	  and	  
epicardial	  blood	  flow	  during	  exercise.	  	  We	  intended	  to	  develop	  a	  protocol	  to	  
investigate	  this	  using	  a	  specially	  adapted	  cycle	  ergometer.	  First	  we	  had	  to	  validate	  
the	  high-­‐resolution	  k-­‐t	  perfusion	  sequence	  at	  3T,	  initially	  in	  healthy	  volunteers,	  and,	  
then	  in	  patients	  with	  ischaemic	  heart	  disease	  (see	  Chapter	  4).	  We	  then	  sought	  to	  
examine	  whether	  the	  perfusion	  and	  quantification	  methods	  used	  could	  identify	  the	  
physiological	  changes	  in	  endo-­‐epicardial	  perfusion	  ratios	  that	  would	  be	  expected	  to	  
occur	  during	  adenosine	  hyperaemia	  (see	  Chapter	  6).	  Unlike	  with	  standard	  adenosine	  
perfusion	  methods	  where	  typically	  only	  two	  contrast	  injections	  are	  used	  (i.e.	  at	  rest	  
and	  during	  hyperaemic	  stress),	  during	  the	  proposed	  exercise	  protocols	  at	  least	  three	  
contrast	  injections	  would	  be	  used	  (i.e.	  rest,	  exercise	  1	  and	  then	  exercise	  2	  after	  a	  
period	  of	  rest	  to	  look	  for	  any	  warm-­‐up	  effect).	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Figure	  26. 	  	  	  Diastolic	  (A)	  and	  systolic	  (B)	  frame	  from	  a	  cine	  CMR	  study	  acquired	  at	  the	  
midventricular	  level	  in	  the	  short-­‐axis	  orientation	  in	  a	  patient	  with	  a	  recent	  anterior	  wall	  
acute	  ST-­‐elevation	  MI.	  The	  arrows	  in	  B	  demonstrate	  the	  akinetic	  anterior	  wall	  with	  no	  
systolic	  thickening	  compared	  with	  the	  other	  myocardial	  segments.	  C,	  An	  early	  gadolinium	  
enhancement	  image	  taken	  2	  minutes	  after	  injection	  of	  a	  gadolinium-­‐containing	  contrast	  
agent	  shows	  a	  large	  region	  of	  MVO	  (dark	  areas)	  in	  the	  anterior	  wall.	  The	  late	  gadolinium	  
enhancement	  image	  acquired	  15	  minutes	  after	  contrast	  application	  in	  D	  shows	  an	  extensive	  
region	  of	  infarction	  as	  demarcated	  by	  the	  bright	  white	  regions	  of	  hyperenhancement	  with	  a	  
core	  of	  MVO	  still	  visible.	  Such	  extensive	  transmural	  infarction	  with	  a	  high	  burden	  of	  MVO	  
suggests	  that	  functional	  recovery	  in	  this	  region	  is	  unlikely	  [adapted	  from	  Lockie	  et	  al.	  
Circulation	  2009215].	  
	  
	  A	  potential	  impact	  of	  this	  would	  be	  the	  accumulation	  of	  contrast	  within	  the	  
myocardium	  with	  a	  resultant	  attenuation	  of	  signal	  and	  the	  effect	  this	  may	  have	  on	  
quantification	  of	  myocardial	  blood	  flow.	  	  We	  therefore	  performed	  T1-­‐weighted	  
mapping	  studies	  to	  examine	  this	  effect	  and	  there	  was	  a	  need	  for	  it	  could	  be	  
corrected	  for	  in	  subsequent	  calculations	  (see	  Section	  2.3.3.4	  below).	  	  	  
The	  next	  stage	  was	  to	  develop	  a	  cycle	  ergometer	  protocol	  similar	  to	  the	  one	  used	  in	  
the	  catheter	  lab	  (outlined	  in	  Section	  2.2.4	  above).	  Once	  this	  was	  set	  up	  then	  a	  series	  
of	  preliminary	  studies	  were	  performed	  on	  healthy	  volunteers	  both	  to	  establish	  the	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optimum	  perfusion	  sequence,	  and	  then	  ensure	  that	  the	  data	  produced	  was	  of	  
sufficient	  quality	  that	  it	  could	  be	  analysed,	  both	  to	  examine	  overall	  changes	  in	  
myocardial	  blood	  flow,	  but	  also,	  and	  crucially,	  differences	  in	  flow	  to	  the	  endo-­‐	  and	  
epicardium.	  	  The	  results	  of	  these	  studies	  are	  presented	  in	  Chapter	  6.	  
2.3.2.1 Principles	  of	  Dynamic	  CMR	  Perfusion	  
Dynamic	  CMR	  typically	  exploits	  the	  first-­‐pass	  kinetics	  of	  conventional	  T1-­‐enhancing	  
extracellular	  gadolinium	  chelates.	  The	  magnetic	  resonance	  contrast	  medium,	  
typically	  Gadolinium-­‐DTPA	  (Gd-­‐DTPA)	  enters	  the	  microvasculature	  and	  also	  starts	  to	  
diffuse	  within	  the	  interstitial	  space	  during	  the	  first	  pass274-­‐277.	  	  As	  a	  result,	  the	  signal	  
intensity	  of	  the	  myocardium	  increases,	  the	  rate	  of	  which	  is	  linked	  to	  the	  perfusion	  
status	  of	  the	  tissue.	  Accordingly,	  normally	  perfused	  myocardium	  demonstrates	  a	  fast	  
signal	  increase	  per	  unit	  time	  in	  the	  vasodilated	  state,	  whereas	  signal	  increase	  is	  
delayed	  in	  myocardium	  supplied	  by,	  for	  example,	  a	  flow-­‐limiting	  coronary	  stenosis.	  
The	  first	  pass	  lasts	  only	  a	  few	  seconds	  and	  therefore	  in	  such	  dynamic	  studies	  it	  is	  
crucial	  to	  acquire	  good	  quality	  data	  during	  this	  period	  to	  allow	  subsequent	  analysis	  
(see	  below).	  	  Respiratory	  and	  cardiac	  motion	  are	  the	  two	  main	  potential	  sources	  of	  
artefact.	  The	  data	  acquisition	  can	  be	  completed	  within	  a	  breath-­‐hold,	  which	  
efficiently	  eliminates	  respiratory	  motion;	  in	  addition,	  the	  MR	  data	  collection	  is	  
electrocardiography	  (ECG)–triggered,	  which	  eliminates	  cardiac	  motion.	  Together,	  
breath	  holding	  and	  ECG-­‐triggering	  allow	  a	  high	  spatial	  resolution	  for	  perfusion	  data	  
of	  around	  1.5	  to	  2.5	  mm	  x	  1.5	  to	  2.5	  mm.	  This	  excellent	  spatial	  resolution	  allows	  for	  
discrimination	  of	  perfusion	  deficits	  that	  are	  limited	  to	  the	  vulnerable	  subendocardial	  
layer	  of	  the	  left	  ventricular	  myocardium191,	  278.	  	  
To	  increase	  the	  sensitivity	  of	  the	  pulse	  sequence	  to	  detect	  changes	  in	  the	  contrast	  as	  
it	  diffuses	  through	  the	  myocardium,	  the	  magnetisation	  may	  be	  prepared	  before	  data	  
readout	  occurs.	  In	  the	  past	  an	  inversion	  recovery	  preparation	  was	  most	  often	  used,	  
providing	  a	  large	  dynamic	  range	  of	  signal	  response.	  However,	  in	  practice	  the	  delay	  
time	  from	  preparation	  to	  readout	  required	  300	  to	  400	  milliseconds	  of	  waiting	  time,	  
thus	  precluding	  true	  multislice	  imaging.	  Therefore	  the	  currently	  accepted	  
preparation	  is	  a	  saturation	  recovery	  approach,	  which	  renders	  the	  signal	  response	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independent	  of	  heart	  rate	  variations	  and	  further	  shortens	  the	  waiting	  time	  down	  to	  
100	  to	  200	  milliseconds191,	  201,	  279.	  	  Selection	  of	  the	  optimum	  delay	  time	  should	  not	  
only	  optimise	  signal	  response	  for	  the	  expected	  changes	  in	  the	  contrast	  bolus	  
concentration	  during	  the	  first	  pass	  but	  also	  locate	  the	  window	  for	  data	  readout	  into	  
phases	  of	  the	  cardiac	  cycle	  where	  motion	  is	  minimal.	  Data	  acquisition	  in	  late	  systole	  
is	  ideal	  as	  during	  this	  phase	  the	  myocardium	  is	  at	  it’s	  thickest	  and	  facilitates	  
subsequent	  perfusion	  analysis.	  	  
Data	  Post-­‐Processing	  Strategies	  
It	  is	  important	  to	  ensure	  maximum	  coverage	  of	  the	  LV	  myocardium	  in	  order	  to	  
detect	  and	  quantify	  perfusion	  defects	  accurately.	  In	  addition,	  to	  obtain	  signal	  
intensity–time	  curves	  from	  which	  perfusion	  parameters	  (see	  below)	  can	  be	  derived,	  
a	  temporal	  resolution	  of	  1	  stack	  covering	  the	  left	  ventricular	  myocardium	  being	  
acquired	  every	  1	  to	  2	  RR	  intervals	  is	  recommended279,	  280.	  To	  satisfy	  these	  conditions	  
very	  fast	  data	  acquisition	  for	  perfusion	  imaging	  is	  crucial.	  Echoplanar	  imaging	  (EPI),	  
which	  describes	  the	  acquisition	  of	  a	  full	  k-­‐space	  (required	  to	  reconstruct	  1	  single	  
image)	  after	  a	  single	  radiofrequency	  excitation	  is	  one	  such	  fast	  approach.	  In	  contrast,	  
with	  a	  conventional	  fast	  gradient	  echo	  approach,	  1	  radiofrequency	  excitation	  is	  
required	  for	  every	  line	  in	  k-­‐space.	  Single	  shot	  EPI	  is	  very	  fast,	  but	  its	  relatively	  long	  
echo	  time	  renders	  the	  sequence	  prone	  to	  susceptibility	  artifacts281.	  	  Therefore	  a	  
hybrid-­‐EPI	  approach	  appears	  to	  be	  ideal,	  in	  which	  4	  to	  8	  k-­‐lines	  per	  radiofrequency	  
excitation	  are	  acquired279,	  282.	  	  Steady-­‐state	  free	  precession	  pulse	  (SSFP)	  sequences	  
preserve	  magnetization	  and	  are	  particularly	  promising	  with	  respect	  to	  a	  high	  signal-­‐
to-­‐noise	  ratio	  (SNR)	  but	  may	  suffer	  from	  other	  disadvantages	  because	  of	  the	  
relatively	  long	  acquisition	  windows280.	  Alternatively,	  parallel	  imaging	  techniques,	  
such	  as	  SENSE	  (SENSitivity	  Encoding)	  can	  be	  combined	  with	  perfusion	  imaging283.	  
These	  are	  based	  on	  the	  fact	  that	  receiver	  sensitivity	  generally	  has	  an	  encoding	  effect	  
complementary	  to	  Fourier	  preparation	  by	  linear	  field	  gradients.	  Thus,	  by	  using	  
multiple	  receiver	  coils	  in	  parallel,	  scan	  time	  in	  Fourier	  imaging	  can	  be	  considerably	  
reduced.	  	  These	  techniques	  acquire	  data	  from	  folded	  fields	  of	  view	  and	  resolve	  
wraparound	  artifacts	  by	  taking	  into	  account	  the	  different	  spatial	  sensitivities	  of	  
various	  coil	  elements284.	  	  In	  general,	  parallel	  imaging	  techniques	  trade	  the	  SNR	  for	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speed	  of	  acquisition.	  These	  parallel	  imaging	  approaches	  can	  be	  combined	  with	  
techniques	  that	  exploit	  spatiotemporal	  correlations	  in	  k-­‐t–space,	  which	  results	  in	  
even	  higher	  acceleration	  factors.	  Techniques	  such	  as	  k-­‐t	  SENSE	  (discussed	  in	  previous	  
chapter)	  and	  k-­‐t	  BLAST	  (Broad-­‐use	  Linear	  Acquisition	  Speed-­‐up	  Technique)	  achieve	  
high	  acceleration	  factors	  but	  with	  higher	  susceptibility	  to	  motion	  and	  could	  smooth	  
temporal	  information220.	  The	  suitability	  of	  these	  different	  perfusion	  post-­‐processing	  
strategies	  for	  use	  in	  the	  studies	  contained	  in	  this	  thesis	  is	  discussed	  below.	  	  	  
 
2.3.2.2 CMR	  Perfusion	  Quantification	  Methods	  
Qualitative	  and	  Semi-­‐quantitative	  Perfusion	  Analysis	  
The	  simplest	  method	  for	  interpreting	  CMR	  perfusion	  is	  to	  view	  the	  study	  in	  cine-­‐loop	  
format	  for	  regions	  of	  relative	  hypoperfusion.	  Such	  a	  qualitative	  approach	  yields	  high	  
diagnostic	  accuracy	  when	  compared	  with	  invasive	  angiography214	  and	  is	  the	  method	  
most	  widely	  used	  in	  everyday	  clinical	  practice	  to	  interpret	  CMR	  perfusion	  scans.	  
Semi-­‐quantitative	  analysis	  of	  a	  CMR	  perfusion	  scan	  involves	  firstly	  mapping	  the	  
endo-­‐	  and	  epicardial	  borders	  of	  a	  myocardial	  slice	  at	  rest	  and	  then	  at	  stress	  to	  form	  a	  
sampling	  grid	  (see	  Figure	  27	  below);	  from	  this	  the	  mean	  signal	  intensity	  within	  a	  
region	  of	  interest	  over	  time,	  or	  “signal	  intensity	  (SI)	  curve”	  is	  extracted	  (see	  Figure	  28	  
below).	  From	  these	  curves	  the	  maximum	  upslope	  or	  initial	  area	  under	  the	  SI	  curve	  
have	  been	  used	  as	  indexes	  of	  regional	  flow285	  and	  correlate	  well	  with	  flow	  
measurements	  based	  on	  microsphere	  analysis286,	  287.	  Semi-­‐quantitative	  analysis	  has	  
been	  shown	  to	  improve	  diagnostic	  accuracy	  over	  visual	  analysis	  alone198,	  288.	  	  The	  
MR-­‐IMPACT	  multi-­‐centre	  study	  indicates	  the	  prognostic	  significance	  of	  CMR	  
perfusion	  with	  a	  higher	  incidence	  of	  cardiac	  death	  or	  nonfatal	  myocardial	  infarction	  
in	  patients	  with	  an	  abnormal	  scan	  than	  those	  with	  a	  normal	  scan289.	  	  	  
Although	  qualitative	  and	  semi-­‐quantitative	  methods	  either	  used	  separately	  or	  
together	  are	  useful	  clinical	  tools	  to	  detect	  relative	  areas	  of	  hypoperfusion	  it	  was	  felt	  
that	  for	  the	  more	  detailed	  analysis	  required	  for	  the	  studies	  in	  this	  thesis	  we	  should	  
pursue	  full	  quantification	  of	  myocardial	  blood	  flow.	  Having	  said	  that,	  given	  its	  
widespread	  use	  in	  everyday	  clinical	  practice	  we	  did	  use	  qualitative	  assessment	  of	  the	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perfusion	  scans	  as	  one	  of	  the	  end	  points	  in	  the	  k-­‐t	  perfusion	  validation	  study	  
presented	  in	  Chapter	  4.	  	  	  
	  
Figure	  27. Examples	  of	  the	  sampling	  grid	  used	  to	  extract	  SI	  curves	  from	  apical	  (a),	  mid	  (b),	  and	  




Figure	  28. The	  heart	  is	  imaged	  every	  cardiac	  cycle	  during	  the	  first	  passage	  of	  gadolinium-­‐based	  
contrast	  agent.	  The	  resulting	  30-­‐	  to	  40-­‐frame	  image	  stack	  can	  be	  viewed	  in	  cine-­‐loop	  format	  
for	  qualitative	  assessment	  of	  regional	  flow	  deficits.	  Semi-­‐quantitative	  flow	  analysis	  involves	  
measuring	  the	  mean	  signal	  intensity	  over	  time	  for	  a	  region	  of	  interest	  and	  calculating	  the	  
peak	  upslope	  or	  area	  under	  the	  curve	  as	  an	  index	  of	  regional	  flow	  [adapted	  from	  from	  Lee	  et	  
al.	  Circulation	  2004	  291].	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Absolute	  Perfusion	  Quantification	  
In	  contrast	  to	  qualitative,	  which	  rely	  on	  the	  comparison	  of	  regions	  of	  relative	  
hypoperfusion	  with	  regions	  of	  “normal”	  myocardium,	  and	  semi-­‐quantitative	  
methods,	  which	  allow	  the	  calculation	  of	  a	  myocardial	  perfusion	  reserve,	  it	  is	  also	  
possible	  to	  quantify	  absolute	  myocardial	  blood	  flow.	  These	  are	  similar	  in	  derivation	  
to	  those	  employed	  in	  quantitative	  PET	  and	  computed	  tomography	  perfusion	  as	  well	  
as	  thermodilution	  estimation	  of	  cardiac	  output.	  Flow	  models	  use	  the	  myocardial	  and	  
left	  ventricular	  (LV)	  blood	  pool	  SICs	  to	  estimate	  absolute	  myocardial	  blood	  flow.	  Two	  
major	  classes	  of	  models	  exist:	  linear,	  shift-­‐invariant	  (LSI)	  models	  and	  compartment	  
models.	  Each	  class	  of	  model	  has	  its	  own	  assumptions	  that	  must	  hold	  or	  at	  least	  
approximately	  hold	  for	  the	  model	  to	  produce	  meaningful	  and	  valid	  estimations	  of	  
flow.	  We	  tested	  both	  of	  these	  models	  to	  see	  which	  was	  the	  most	  suitable	  for	  use	  in	  
the	  further	  studies	  in	  this	  thesis.	  	  
The	  LSI	  models	  are	  generally	  more	  widespread	  in	  the	  calculation	  of	  absolute	  flow	  
values	  than	  compartment	  models.	  The	  LSI	  models	  assume	  the	  cardiac	  circulatory	  
system	  is	  linear	  and	  temporally	  invariant	  in	  its	  response.	  In	  other	  words,	  if	  two	  
contrast	  boluses	  are	  injected,	  then	  the	  myocardial	  uptake	  is	  the	  linear	  sum	  of	  the	  
uptake	  had	  each	  bolus	  been	  injected	  separately;	  and	  if	  the	  injection	  of	  a	  bolus	  is	  
delayed	  by	  a	  certain	  amount	  of	  time,	  then	  its	  uptake	  is	  delayed	  (shifted)	  by	  the	  same	  
amount	  of	  time.	  These	  two	  assumptions	  allow	  for	  a	  powerful	  and	  complete	  
description	  of	  the	  system	  by	  its	  so-­‐called	  “transfer	  function.”	  Characteristics	  of	  the	  
transfer	  function	  reflect	  properties	  of	  its	  system,	  the	  most	  relevant	  of	  which	  is	  
absolute	  myocardial	  blood	  flow.	  The	  output	  from	  an	  LSI	  system	  (the	  myocardial	  SI	  
curve)	  is	  equal	  to	  the	  input	  to	  the	  system	  (the	  tracer	  bolus,	  measured	  from	  the	  LV	  SI	  
curve)	  merged	  with	  the	  transfer	  function	  by	  a	  mathematical	  process	  known	  as	  
convolution	  (see	  Figure	  29	  below).	  Convolution	  folds	  two	  curves	  together	  via	  a	  shift-­‐
scale-­‐and-­‐add	  process	  similar	  to	  cross-­‐correlation	  in	  statistics.	  To	  obtain	  the	  transfer	  
function,	  the	  input	  and	  output	  curves	  must	  undergo	  the	  reverse	  process	  of	  
deconvolution.	  Unfortunately	  the	  process	  of	  deconvolution	  is	  very	  sensitive	  to	  noise,	  
so	  that	  small	  errors	  in	  the	  input	  data	  can	  lead	  to	  large	  differences	  in	  the	  resulting	  
transfer	  function.	  Therefore,	  additional	  constraints	  need	  to	  be	  imposed	  to	  obtain	  a	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physiologic	  solution.	  The	  most	  popular	  method	  for	  “constrained”	  deconvolution	  
demands	  that	  the	  transfer	  function	  take	  a	  certain	  shape	  and	  is	  known	  as	  the	  Fermi	  
function292.	  	  It	  can	  be	  shown	  that	  the	  maximum	  value	  of	  the	  Fermi	  transfer	  function	  
equals	  absolute	  myocardial	  blood	  flow196	  and	  has	  been	  validated	  in	  both	  animals293,	  






Figure	  29. a)	  Mid-­‐ventricular	  slice	  from	  an	  adenosine-­‐stress	  CMR	  perfusion	  scan	  showing	  
mapping	  of	  the	  endo-­‐and	  epicardial	  boarders	  scan,	  (b)	  associated	  signal	  intensity	  curve,	  (c)	  
associated	  deconvoluted	  signal	  intensity	  curve.	  	  
	  
Compartment	  models	  divide	  the	  cardiac	  circulatory	  system	  into	  distinct	  spaces	  
(intravascular,	  interstitial,	  and	  intracellular).	  The	  Gd-­‐DTPA	  concentration	  varies	  
among	  these	  compartments	  over	  time	  as	  molecules	  move	  from	  one	  space	  to	  
another.	  Rate	  constants	  describe	  the	  movement	  between	  any	  two	  compartments.	  
Such	  models	  determine	  compartment	  concentrations	  and	  the	  individual	  rate	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constants	  from	  the	  summed	  SI	  curve	  of	  all	  compartments297.	  	  Clinically	  approved	  Gd-­‐
DTPA	  -­‐containing	  contrast	  agents	  leak	  from	  the	  intravascular	  compartment	  into	  the	  
interstitial	  compartment	  along	  an	  osmotic	  gradient	  but	  do	  not	  enter	  the	  intracellular	  
compartment.	  Thus,	  a	  2-­‐compartment	  model	  (intravascular	  and	  interstitial)	  has	  been	  
used	  to	  model	  its	  transit	  through	  the	  cardiac	  circulatory	  system294.	  There	  are	  two	  
parameters	  to	  the	  2-­‐compartment	  model’s	  transfer	  function.	  Unlike	  the	  LSI	  model,	  
for	  which	  the	  maximum	  amplitude	  of	  its	  transfer	  function	  is	  equal	  to	  absolute	  
myocardial	  blood	  flow,	  the	  maximum	  amplitude	  of	  the	  2-­‐compartment	  model	  
transfer	  function	  is	  equal	  to	  the	  product	  of	  absolute	  flow	  and	  the	  myocardial	  
extraction	  efficiency	  of	  the	  contrast	  agent.	  Their	  product	  is	  conventionally	  referred	  
to	  as	  “k1”	  (the	  first-­‐order	  rate	  constant).	  If	  the	  extraction	  efficiency	  is	  known	  or	  can	  
be	  estimated,	  then	  blood	  flow	  can	  be	  determined.	  However,	  this	  adds	  an	  extra	  
assumption	  to	  the	  model	  for	  quantifying	  perfusion.	  Thus,	  an	  advantage	  of	  the	  LSI	  
model	  is	  that	  blood	  flow	  can	  be	  calculated	  explicitly,	  provided	  the	  transfer	  function	  
can	  account	  for	  the	  extravascular	  leakage	  of	  contrast.	  The	  2-­‐compartment	  model	  
also	  depends	  on	  linearity	  of	  signal	  response,	  so	  the	  previous	  comments	  about	  
ensuring	  linearity	  in	  the	  blood	  pool	  and	  myocardium	  apply	  as	  well.	  	  
In	  Europe,	  the	  most	  common	  method	  for	  full	  quantification	  of	  myocardial	  blood	  flow	  
is	  using	  the	  Fermi	  deconvolution	  and	  this	  was	  chosen	  as	  the	  main	  quantification	  tool	  
for	  our	  studies.	  For	  the	  results	  of	  the	  repeatability	  and	  reproducibility	  data	  in	  
volunteers	  as	  well	  as	  the	  full	  data	  from	  the	  validation	  against	  the	  invasively	  
measured	  FFR	  see	  Chapter	  4.	  The	  results	  of	  the	  Fermi	  derived	  absolute	  blood	  flow	  in	  
exercise	  volunteers	  can	  be	  found	  I	  Chapter	  6.	  In	  addition	  to	  the	  Fermi	  deconvolution	  
technique,	  we	  also	  had	  the	  advantage	  of	  the	  expertise	  of	  Dr.	  Masaki	  Ishida,	  a	  visiting	  
fellow	  from	  Japan,	  who	  has	  experience	  of	  using	  the	  Patlak	  plot	  model	  of	  
quantification	  of	  absolute	  myocardial	  blood	  flow298.	  	  The	  Patlak	  plot	  method	  is	  based	  
on	  a	  two-­‐compartment	  model	  and	  describes	  the	  k1	  of	  one-­‐way	  transfer	  of	  contrast	  
material	  from	  the	  LV	  blood	  to	  the	  myocardium.	  Patlak	  plot	  analysis	  is	  performed	  
using	  a	  blood	  SI	  curve	  as	  an	  input	  function	  and	  a	  regional	  myocardial	  SI	  curve	  as	  an	  
output	  function297,	  299.	  Myocardial	  blood	  flow	  can	  then	  be	  calculated	  as	  k1	  divided	  by	  
the	  extraction	  fraction	  of	  Gd-­‐DTPA,	  using	  extraction	  fraction	  values	  from	  the	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literature300,	  301.	  	  See	  Figure	  30	  below.	  We	  therefore	  also	  evaluated	  the	  use	  Patlak	  
plots	  in	  the	  quantification	  of	  flow	  during	  exercise	  (see	  Section	  2.3.3.5).	  
	  
Figure	  30. Quantitative	  analysis	  of	  myocardial	  perfusion	  magnetic	  resonance	  images	  using	  the	  
Patlak	  plot	  method.	  Similar	  software	  was	  used	  for	  the	  quantification	  of	  myocardial	  blood	  
flow	  in	  this	  thesis.	  Epicardial	  and	  endocardial	  contours	  of	  the	  left	  ventricular	  (LV)	  
myocardium	  are	  manually	  determined	  to	  generate	  myocardial	  signal	  intensity	  (SI)	  curves.	  A	  
region	  of	  interest	  is	  placed	  in	  the	  LV	  chamber	  to	  generate	  a	  blood	  SI	  curve.	  Patlak	  plot	  
analysis	  is	  performed	  using	  blood	  input	  function	  and	  myocardial	  output	  functions	  [adapted	  
from	  Kurita,	  Ishida	  et	  al.	  EHJ	  2009]298.	  
2.3.3 Development	  of	  an	  Exercise-­‐Stress	  CMR	  Perfusion	  Protocol	  
The	  development	  and	  validation	  of	  a	  robust	  method	  to	  quantify	  transmural	  
myocardial	  blood	  flow	  at	  peak	  stress	  after	  large	  muscle	  exercise	  was	  an	  important	  
aspect	  of	  this	  thesis,	  as	  changes	  in	  subendocardial	  flow	  on	  repeat	  exercise	  may	  be	  an	  
important	  cardioprotective	  mechanism	  in	  warm-­‐up.	  To	  develop	  such	  a	  model	  is	  an	  
ambitious	  undertaking	  and	  there	  are	  no	  previous	  reports	  from	  the	  literature	  that	  this	  
has	  been	  previously	  successfully	  achieved.	  There	  are	  3	  main	  limitations:	  
1. Undertaking	  large	  muscle	  exercise	  within	  the	  immediate	  confines	  of	  the	  MR	  
scanner	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2. Obtaining	  good	  quality	  perfusion	  data	  at	  high	  heart	  rates	  
3. Overcoming	  the	  potential	  obstacles	  of	  breathing	  and	  other	  movement	  
artefact	  	  
We	  also	  needed	  to	  determine	  the	  effect	  of	  repeated	  Gd-­‐DTPA	  doses	  on	  background	  
myocardial	  saturation	  levels	  might	  have	  on	  subsequent	  quantification,	  and	  whether	  
or	  not	  this	  would	  need	  to	  be	  corrected	  for.	  	  
2.3.3.1 Development	  of	  the	  CMR-­‐Compatible	  Cycle	  Ergometer	  
The	  reasons	  why	  it	  is	  preferable	  to	  use	  large-­‐muscle	  exercise	  stress,	  as	  opposed	  to	  
other	  pharmacological	  methods	  are	  discussed	  in	  Section	  2.2.4.1	  above.	  	  There	  are	  
various	  ways	  to	  induce	  exercise	  stress	  in	  the	  MR	  scanner	  environment.	  	  Handgrip	  
exercise	  is	  straightforward	  and	  can	  provoke	  modest	  increases	  in	  heart	  rate	  and	  
cardiac	  output	  although	  the	  limitations	  of	  this	  and	  other	  forms	  of	  small-­‐muscle	  
exercise	  are	  also	  discussed	  above.	  	  Studies	  have	  been	  undertaken	  with	  MR	  
compatible	  cycles,	  or	  ergometers,	  although	  these	  tend	  to	  focus	  either	  on	  aortic	  and	  
lower	  limb	  blood	  flow302,	  303	  or	  SVC	  and	  pulmonary	  blood	  flow304.	  In	  all	  of	  these	  
cases,	  either	  the	  cycle	  has	  either	  been	  distant	  to	  the	  MR	  scanner,	  so	  at	  peak	  exercise	  
the	  subject	  must	  get	  off	  the	  bike	  and	  walk	  across	  to	  the	  scanner,	  or	  the	  patient	  is	  
lying	  in	  the	  scanner	  but	  with	  the	  bike	  adapted	  to	  undertake	  a	  pumping	  leg	  exercise,	  
rather	  than	  the	  usual	  circular	  motion	  with	  the	  pedals.	  	  Neither	  of	  these	  is	  ideal.	  In	  
the	  first	  instance,	  walking	  across	  to	  the	  scanner	  would	  not	  be	  feasible	  in	  patients	  
with	  chest	  pain	  and	  other	  symptoms,	  or	  who	  may	  be	  older	  and	  less	  mobile.	  This	  may	  
add	  a	  considerable	  delay	  in	  getting	  the	  scan	  underway	  during	  which	  time	  the	  heart	  
rate	  and	  cardiac	  output	  rapidly	  fall	  away	  from	  peak89.	  Keeping	  the	  subject	  in	  the	  
scanner	  to	  minimise	  such	  delays	  and	  using	  the	  alternative	  lower-­‐limb	  exercise	  is	  also	  
not	  optimal	  as	  subjects	  struggle	  to	  reach	  their	  peak	  target	  heart	  rates	  with	  such	  an	  
unfamiliar	  task305.	  Semi-­‐quantitative	  perfusion	  analysis	  was	  obtained	  in	  a	  group	  of	  
healthy	  volunteers	  using	  an	  MR	  compatible	  treadmill	  that	  was	  within	  the	  MR	  
scanner	  room,	  but	  again	  involved	  the	  subject	  having	  to	  walk	  across	  to	  the	  scanner	  
after	  exercising	  to	  peak	  stress306.	  In	  this	  study,	  scanning	  was	  commenced	  after	  a	  
mean	  of	  45	  seconds	  from	  peak	  exercise	  which	  is	  impressive	  although	  these	  were	  a	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young	  and	  mobile	  group	  of	  volunteers,	  and	  even	  then	  there	  were	  problems	  with	  
regaining	  the	  correct	  position	  on	  the	  scanner	  (very	  important	  as	  the	  reference	  
images	  for	  the	  perfusion	  sequence	  rely	  on	  this),	  and	  problems	  with	  re-­‐attaching	  i.v	  
lines	  and	  the	  radiofrequency	  coil	  and	  other	  leads	  in	  a	  hurry.	  This	  group	  did	  use	  a	  
vacuum	  mattress	  (Vac	  Lok™,	  CIVCO®	  Medical	  Solutions,	  USA)	  to	  help	  maintain	  the	  
correct	  position	  on	  the	  scanner	  table,	  and	  after	  contacting	  them	  we	  ordered	  a	  
similar	  one	  to	  use	  in	  our	  protocol.	  This	  turned	  out	  to	  be	  extremely	  useful.	  	  
After	  trying	  various	  alternatives,	  we	  elected	  to	  use	  an	  MR-­‐compatible	  cycle	  
ergometer	  (Lode®	  Medical	  Systems,	  UK)	  that	  we	  specially	  adapted	  to	  use	  with	  the	  3T	  
scanner	  in	  the	  Rayne	  Institute	  at	  St	  Thomas’	  campus,	  KCL.	  	  To	  minimise	  delays	  
between	  scanning,	  and	  also	  to	  ensure	  that	  position	  on	  the	  scanner	  table	  was	  
maintained	  and	  the	  patients	  would	  not	  have	  to	  move	  between	  the	  bike	  and	  the	  
scanner,	  we	  decided	  to	  exercise	  the	  patients	  just	  outside	  the	  scanner,	  but	  remaining	  
on	  the	  table,	  with	  i.v	  lines,	  ECG	  leads	  and	  the	  RF	  coil	  etc.	  all	  in	  position.	  At	  peak	  
exercise	  we	  would	  then	  rapidly	  slide	  the	  subject	  back	  into	  the	  scanner.	  After	  several	  
further	  adaptations	  we	  came	  up	  with	  the	  final	  design	  and	  successfully	  tried	  it	  on	  our	  
first	  healthy	  volunteer	  (see	  Figure	  31	  below).	  	  Heart	  rate	  and	  blood	  pressure	  were	  
monitored	  throughout	  via	  cables	  that	  reached	  into	  the	  control	  room.	  The	  use	  of	  the	  
vacuum	  cushion	  together	  with	  straps	  for	  the	  subject	  to	  hold	  onto	  minimised	  the	  
tendency	  for	  cranial	  migration	  that	  we	  found	  occurred	  during	  the	  cycling,	  especially	  
as	  the	  effort	  increased.	  A	  supervisor	  remained	  in	  the	  scanner	  room	  at	  all	  times	  both	  
during	  the	  period	  of	  exercise	  and	  the	  subsequent	  scan.	  	  Consistent	  with	  other	  
studies	  (and	  in	  particular	  in	  our	  initial	  volunteers	  who	  were	  young	  and	  fit),	  we	  
observed	  that	  heart	  rate	  would	  fall	  rapidly	  after	  cessation	  of	  exercise;	  by	  the	  time	  
scanning	  started,	  even	  if	  it	  was	  less	  than	  1	  minute	  from	  the	  end	  of	  the	  exercise,	  
there	  was	  a	  substantial	  reduction	  in	  heart	  rate	  compared	  to	  peak.	  We	  found	  that	  
continuing	  to	  squeeze	  a	  soft	  ball,	  during	  the	  duration	  of	  the	  scan	  was	  a	  good	  way	  to	  
maintain	  the	  heart	  rate	  and	  slow	  the	  rate	  of	  decline.	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Figure	  31. Image	  of	  the	  MR	  compatible	  cycle	  ergometer	  specially	  developed	  for	  the	  3T	  scanner	  
at	  the	  Rayne	  Institute,	  St	  Thomas’	  campus,	  KCL.	  	  The	  subject	  is	  mostly	  out	  of	  the	  scanner	  
allowing	  him	  full	  range	  of	  movement	  to	  undertake	  conventional	  supine	  cycle	  ergometry.	  The	  
radiofrequency	  coil,	  ECG,	  BP	  cuff	  and	  all	  i.v	  lines	  remain	  in	  situ	  throughout.	  The	  patient	  is	  
lying	  on	  a	  vacuum	  cushion	  to	  minimise	  movement	  and	  is	  holding	  onto	  straps	  to	  reduce	  to	  
tendency	  to	  drift	  up	  the	  table	  during	  exercise,	  especially	  as	  the	  workload	  increases.	  	  	  
	  
2.3.3.2 The	  Challenge	  of	  Scanning	  at	  High	  Heart	  Rates	  
Scanning	  at	  high	  heart	  rates	  makes	  almost	  every	  aspect	  of	  dynamic	  perfusion	  
imaging	  difficult.	  	  Acquisition	  speed	  is	  a	  crucial	  factor.	  Good	  quality	  perfusion	  images	  
require	  an	  acceptable	  balance	  between	  temporal	  resolution,	  or	  coverage	  of	  the	  
myocardium	  achievable	  within	  each	  R-­‐R	  interval,	  spatial	  resolution	  and	  the	  signal	  to	  
noise	  ratio	  (SNR)190.	  	  It	  may	  be	  possible	  to	  get	  good	  coverage	  of	  the	  LV	  myocardium	  
but	  at	  the	  expense	  of	  special	  resolution;	  or	  good	  spatial	  resolution	  but	  with	  poor	  
SNR.	  At	  high	  heart	  rates,	  where	  the	  scanning	  time	  available	  for	  each	  beat	  is	  even	  less	  
than	  usual,	  all	  of	  these	  are	  compromised.	  Jekic	  et	  al,	  for	  example,	  using	  a	  steady	  
state	  free	  precession	  (SSFP)	  perfusion	  sequence	  at	  1.5	  T	  with	  standard	  SENSE	  
acceleration	  were	  able	  to	  reduce	  the	  shot	  duration	  to	  57.8±3.4	  milliseconds	  but	  with	  
an	  in-­‐plane	  spatial	  resolution	  of	  only	  2.9	  x	  3.7mm,	  with	  no	  ECG	  gating306.	  Such	  a	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relatively	  poor	  spatial	  resolution	  would	  not	  allow	  examination	  of	  transmural	  flow	  
differences	  that	  are	  crucial	  for	  the	  purposes	  of	  our	  proposed	  studies;	  spatial	  
resolution	  approaching	  1mm	  was	  what	  we	  were	  aiming	  for.	  	  Scanning	  at	  3T	  gave	  us	  
significant	  advantage,	  allowing	  greater	  SNR	  with	  the	  potential	  for	  faster	  scanning219.	  	  	  
It	  was	  felt	  that	  to	  start	  with	  we	  should	  try	  and	  use	  standard	  SSFP	  perfusion	  
sequences	  similar	  to	  the	  one	  above,	  but	  to	  try	  and	  utilize	  the	  advantages	  of	  scanning	  
with	  the	  3T	  magnet	  to	  improve	  spatial	  resolution.	  There	  were	  other	  reasons	  that	  we	  
thought	  that	  standard	  SSFP	  might	  actually	  be	  advantageous	  over	  other	  more	  
complex	  sequences	  even	  though	  they	  had	  the	  potential	  for	  even	  faster	  data	  
acquisition	  (see	  below).	  	  However,	  despite	  using	  various	  adaptations	  in	  the	  initial	  10	  
exercise	  volunteers	  including	  the	  use	  of	  WET	  pre-­‐pulses,	  linear	  half-­‐scan,	  TFE	  
perfusion	  sequences,	  alteration	  of	  the	  M0	  flip	  angles,	  and	  increasing	  the	  SENSE	  
factor,	  it	  was	  not	  possible	  to	  obtain	  decent	  images	  that	  were	  suitable	  for	  further	  
analysis.	  	  	  Movement	  and	  dark	  rim	  artefacts	  seemed	  to	  be	  the	  major	  issue,	  and	  it	  
was	  key	  to	  try	  and	  reduce	  the	  shot	  duration,	  which	  despite	  all	  the	  above	  remained	  at	  
around	  100ms.	  	  Another	  problem	  that	  we	  encountered	  was	  through	  the	  use	  of	  ECG	  
gating	  to	  optimise	  the	  timing	  of	  the	  scan	  to	  mid-­‐systole	  where	  the	  myocardium	  is	  
the	  thickest,	  which	  greatly	  facilitates	  subsequent	  data	  analysis.	  The	  increased	  field	  
strength	  of	  the	  3T	  magnet	  has	  a	  tendency	  to	  interfere	  with	  the	  ECG	  even	  under	  
optimum	  conditions	  and	  with	  the	  additional	  factors	  of	  high	  heart	  rates,	  plus	  the	  
subject	  moving	  around	  during	  the	  exercise	  this	  could	  be	  problematic.	  In	  one	  or	  two	  
studies	  we	  lost	  the	  ECG	  trace	  altogether	  and	  thus	  lost	  much	  of	  the	  data	  from	  the	  
scan.	  To	  overcome	  this,	  we	  also	  fitted	  a	  pulse	  finger	  probe	  (PPU)	  that	  can	  be	  used	  to	  
gate	  the	  perfusion	  sequence.	  Although	  not	  ideal	  (as	  it	  is	  hard	  to	  time	  systole	  with	  
this)	  it	  served	  as	  a	  useful	  backup	  should	  the	  ECG	  fail	  and	  we	  fitted	  the	  probe	  to	  all	  
our	  subsequent	  subjects.	  	  
k-­‐space	  and	  time	  sensitivity	  encoding	  (k-­‐t	  SENSE)	  has	  been	  discussed	  in	  previous	  
sections	  (XXX).	  It	  simultaneously	  exploits	  coil	  encoding	  and	  spatiotemporal	  data	  
correlations	  to	  allow	  acceleration	  of	  data	  acquisition,	  which	  is	  crucial	  during	  dynamic	  
MR	  perfusion222.	  	  This	  acceleration	  can	  be	  used	  to	  improve	  temporal	  and	  spatial	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resolution	  of	  perfusion	  CMR	  especially	  at	  3T	  where	  there	  is	  a	  greater	  SNR223.	  It	  is	  also	  
associated	  with	  a	  reduction	  in	  dark	  rim	  artefacts,	  which	  are	  caused	  by	  the	  interface	  
between	  the	  low	  flow	  velocity	  of	  the	  myocardium	  and	  the	  high	  flow	  velocity	  of	  the	  
left	  ventricular	  blood	  pool193.	  	  We	  found	  these	  dark	  rim	  artefacts	  to	  be	  particularly	  
troublesome	  at	  high	  heart	  rates	  with	  the	  standard	  perfusion	  techniques;	  
consequently	  a	  lot	  of	  these	  early	  data	  were	  not	  suitable	  for	  quantitative	  analysis.	  
Using	  k-­‐t	  made	  an	  immediate	  impact	  of	  the	  shot	  duration,	  dropping	  to	  around	  80ms	  
and	  consequently	  resulted	  in	  a	  great	  improvement	  in	  the	  quality	  of	  the	  images	  (see	  
Figure	  32	  below).	  
	   	  
Figure	  32. Images	  taken	  from	  the	  volunteer	  exercise	  CMR	  studies.	  The	  images	  are	  of	  different	  
subjects	  but	  both	  taken	  at	  peak	  exercise.	  The	  image	  on	  the	  left	  is	  a	  standard	  PFE	  perfusion	  
image	  taken	  early	  on	  in	  the	  protocol	  development.	  It	  illustrates	  the	  problems	  of	  movement	  
and	  respiratory	  artefact	  with	  blurring	  of	  the	  endo-­‐	  and	  epicardial	  boarders.	  There	  is	  also	  a	  
large	  dark-­‐rim	  artefact	  in	  the	  anterior	  wall,	  again	  a	  result	  of	  slow	  acquisition	  speeds.	  Such	  
data	  was	  not	  suitable	  for	  quantification	  analysis.	  The	  image	  on	  the	  right	  is	  one	  take	  after	  
optimisation	  of	  the	  protocol	  with	  the	  use	  of	  kt-­‐acceleration	  methods	  to	  speed	  up	  acquisition	  
time	  to	  reduce	  the	  dark	  rim	  artefacts	  in	  particular.	  This	  technique	  was	  still	  susceptible	  to	  
respiratory	  motion	  artefacts	  in	  particular,	  but	  with	  good	  breath	  holding	  nice	  pictures	  could	  
be	  obtained	  that	  were	  suitable	  for	  further	  analysis.	  	  	  	  
2.3.3.3 Minimising	  Breathing	  and	  other	  Movement	  Artefact	  
Motion-­‐induced	  artefacts,	  either	  from	  respiratory	  or	  cardiac	  motion,	  are	  one	  of	  the	  
main	  obstacles	  in	  obtaining	  high	  quality	  CMR	  first-­‐pass	  perfusion	  images221,	  307.	  
Breathing	  artefact,	  in	  particular	  after	  intense	  exercise	  was	  envisaged	  to	  be	  a	  
particular	  problem	  in	  our	  proposed	  studies.	  Reducing	  the	  scanning	  duration	  to	  a	  
single	  breath	  hold	  was	  a	  minimum	  requirement.	  It	  would	  seem	  that	  using	  the	  fastest	  
available	  scanning	  technique	  therefore	  would	  be	  the	  most	  suitable.	  	  However,	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despite	  the	  advantages	  of	  faster	  scanning	  using	  k-­‐t	  outlined	  above	  it	  also	  presents	  
some	  potential	  drawbacks;	  as	  a	  result	  of	  the	  spatiotemporal	  under-­‐sampling	  it	  is	  
particularly	  vulnerable	  to	  breathing	  and	  other	  movement	  artefact.	  By	  relying	  on	  the	  
consistency	  of	  spatiotemporal	  correlations	  obtained	  in	  the	  training	  images	  taken	  
beforehand,	  any	  movement	  results	  in	  the	  substantial	  loss	  of	  data	  in	  the	  subsequent	  
reconstruction222.	  	  This	  was	  the	  rationale	  to	  try	  and	  start	  with	  standard	  perfusion	  
sequences	  that	  did	  not	  rely	  so	  crucially	  on	  the	  subject	  being	  able	  to	  hold	  their	  breath	  
throughout	  the	  scan.	  Unfortunately,	  as	  outlined	  above	  it	  was	  not	  possible	  to	  get	  data	  
of	  sufficient	  spatial	  resolution	  and	  quality	  without	  resorting	  to	  k-­‐t.	  We	  therefore	  had	  
the	  pay-­‐off	  between	  much	  better	  images	  overall,	  but	  if	  the	  subject	  took	  a	  breath	  at	  
any	  point	  during	  the	  scan,	  especially	  during	  the	  first	  pass	  of	  the	  Gd-­‐DTPA	  contrast	  
bolus,	  then	  the	  images	  were	  almost	  un-­‐useable.	  After	  several	  meetings	  and	  review	  
of	  the	  data	  of	  the	  first	  20	  volunteers	  scans,	  roughly	  half	  standard	  perfusion	  and	  half	  
k-­‐t,	  it	  was	  felt	  that	  overall	  we	  should	  proceed	  with	  the	  k-­‐t	  scanning	  protocol	  and	  
concentrate	  on	  preparing	  the	  subjects	  carefully	  and	  emphasizing	  the	  importance	  of	  
holding	  their	  breath	  during	  the	  scan;	  if	  they	  had	  to	  breath	  at	  all	  then	  to	  do	  so	  gently	  
towards	  the	  end	  of	  the	  scan,	  when	  the	  initial	  contrast	  bolus	  had	  already	  passed.	  This	  
proved	  successful	  by	  and	  large,	  and	  we	  were	  able	  to	  proceed	  with	  the	  initial	  
evaluation	  of	  quantitative	  analysis	  in	  the	  next	  batch	  of	  volunteers.	  	  
2.3.3.4 Myocardial	  T1	  Mapping	  to	  Determine	  the	  Effect	  of	  Repeated	  Contrast	  
Bolus	  Injections	  during	  CMR	  Perfusion	  Imaging	  
The	  first	  stage	  in	  the	  development	  of	  a	  CMR	  protocol	  to	  investigate	  the	  effects	  of	  
repeat	  exercise	  on	  myocardial	  perfusion	  was	  to	  examine	  the	  impact	  of	  repeat	  
injections	  of	  Gadolinium	  (Gd-­‐DTPA)-­‐containing	  contrast	  agent.	  	  In	  standard	  rest-­‐
stress	  perfusion	  scan	  protocols	  there	  are	  only	  two	  contrast	  injections	  required.	  
However,	  in	  our	  proposed	  protocol	  there	  would	  be	  at	  least	  three.	  The	  increased	  
spin-­‐lattice	  relaxation	  rate	  1/T1	  and	  dynamic	  signal	  enhancement	  following	  the	  
intravenous	  injection	  of	  Gd-­‐DTPA	  has	  been	  shown	  to	  be	  a	  linear	  function	  of	  local	  
gadolinium	  concentration276.	  However,	  studies	  in	  rat	  myocardium	  revealed	  that	  the	  
enhancement	  may	  reach	  a	  plateau,	  which	  would	  inhibit	  the	  deduction	  of	  reliable	  
kinetics	  from	  observed	  signal	  intensity-­‐time	  curves308.	  The	  purpose	  of	  this	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preliminary	  study	  was	  to	  determine	  the	  effect	  of	  repeated	  injections	  of	  Gd-­‐DTPA	  on	  
background	  myocardial	  saturation.	  If	  a	  saturation	  effect	  is	  found	  then	  this	  would	  
need	  to	  be	  accounted	  for	  in	  quantification	  of	  perfusion	  scans	  involving	  multiple	  
injections	  of	  Gd-­‐DTPA.	  The	  myocardial	  T1	  values	  were	  measured	  at	  multiple	  points	  in	  
time	  during	  the	  study	  and	  compared	  with	  a	  reference,	  i.e.	  the	  expected	  T1	  
extrapolated	  from	  the	  previously	  published	  washout	  kinetic	  tables	  of	  Gd-­‐DTPA	  
following	  a	  single	  injection277.	  
Methods	  
All	  experiments	  were	  performed	  on	  a	  clinical	  3T	  scanner	  (Achieva®,	  Philips	  Medical	  
Systems)	  equipped	  with	  a	  32-­‐element	  cardiac	  coil	  array.	  Experiments	  were	  
conducted	  in	  10	  healthy	  adult	  volunteers	  with	  no	  history	  of	  cardiac	  disease.	  1-­‐2	  
injections	  of	  a	  10%	  dilute	  (Scan	  0,	  0.025mMol/kg)	  were	  given	  to	  optimize	  the	  
perfusion	  sequence	  timing.	  Three	  subsequent	  contrast	  injections	  (Scans	  1-­‐3,	  
dose=0.25	  mMol/kg)	  were	  given	  at	  an	  approximate	  temporal	  spacing	  of	  15	  mins,	  and	  
a	  fourth	  injection	  (Scan	  4,	  0.25mMol/kg)	  was	  given	  immediately	  after	  the	  third.	  
Myocardial	  T1	  was	  measured	  before	  the	  respective	  contrast	  injections	  using	  an	  ECG-­‐
triggered	  “Look	  Locker”	  inversion	  recovery	  sequence.	  The	  scan	  parameters	  were	  as	  
follows:	  FOV=300x300mm²,	  measured	  voxel	  size=2.5x2.16x10mm³,	  inversion-­‐
prepared	  T1	  weighted	  FFE-­‐EPI,	  flip=10°,	  EPI	  factor=3,	  9	  excitations	  per	  phase,	  16	  
phases	  distributed	  over	  2	  RR	  intervals	  (phase	  interval	  100ms).	  One	  pause	  interval	  
was	  employed	  in	  between	  inversion	  pulses	  to	  allow	  for	  magnetization	  recovery.	  The	  
total	  scan	  duration	  was	  one	  breathhold	  (9	  RR	  intervals).	  T1	  was	  measured	  in	  a	  ROI	  in	  
the	  septum	  wall	  (position	  adjusted	  in	  each	  phase	  to	  cope	  with	  cardiac	  motion).	  T1	  
values	  were	  calculated	  using	  a	  plug-­‐in	  tool	  comprising	  a	  3-­‐parameter	  exponential	  fit	  
with	  Look-­‐Locker	  correction	  implemented	  in	  an	  open	  source	  DICOM	  viewer	  
(OSIRIX®).	  The	  measured	  T1	  values	  were	  compared	  with	  the	  expected	  values	  
extrapolated	  from	  the	  previously	  published	  Gd-­‐DTPA	  concentrations	  found	  in	  blood	  
serum	  after	  intravenous	  contrast	  injection,	  where	  a	  fixed	  blood	  volume	  fraction	  in	  
myocardium	  and	  equal	  relaxation	  times	  of	  Gd-­‐DTPA	  in	  blood	  and	  myocardium	  were	  
assumed.	  The	  molar	  concentration	  of	  contrast	  agent	  in	  blood	  was	  assumed	  to	  be	  a	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linear	  addition	  of	  the	  existing	  concentration	  at	  the	  given	  delay	  from	  the	  previous	  
injection,	  and	  the	  actually	  injected	  dose.	  
Results	  
The	  T1	  values	  measured	  prior	  to	  the	  respective	  contrast	  injections	  are	  summarized	  
for	  all	  volunteers	  in	  Table	  3	  below.	  A	  minor	  decrease	  in	  myocardial	  T1	  was	  observed	  
after	  the	  injection	  of	  the	  0.025mMol/kg	  dilute.	  A	  marked	  decrease	  of	  myocardial	  T1	  
was	  observed	  following	  all	  0.25mMol/kg	  injections.	  A	  saturation	  effect,	  i.e.	  a	  plateau	  
of	  T1	  after	  subsequent	  injections,	  could	  not	  be	  observed	  at	  the	  given	  doses.	  A	  
moderate	  variance	  was	  observed	  for	  some	  T1	  values,	  which	  can	  in	  part	  be	  attributed	  
to	  the	  slight	  variations	  in	  time	  at	  which	  the	  values	  were	  measured.	  A	  plot	  of	  the	  
measured	  myocardial	  T1	  versus	  the	  expected	  values	  obtained	  from	  the	  previously	  
described	  model	  is	  shown	  for	  one	  volunteer	  in	  Figure	  33	  below.	  The	  timing	  and	  given	  
doses	  were	  taken	  into	  account	  for	  the	  calculation	  of	  the	  T1	  model	  (solid	  arrows).	  A	  
good	  agreement	  between	  the	  expected	  and	  measured	  values	  was	  observed.	  
	  
Figure	  33. Plot	  of	  measured	  myocardial	  T1	  vs.	  expected	  values	  extrapolated	  from	  previously	  
published	  contrast	  washout	  kinetics.	  A	  good	  agreement	  between	  the	  model	  and	  the	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Injection	  Number	   T1	  (ms)	  
Baseline	   971±73	  
(0)	  After	  0.025mMol/kg	   950±105	  
(1)	  After	  0.25mMol/kg	   833±47	  
(2)	  After	  0.25mMol/kg	   787±33	  
(3)	  After	  0.25mMol/kg	   728±33	  
(4)	  After	  0.25mMol/kg	   552±58	  
Table	  3. Summary	  of	  measured	  T1	  values	  over	  all	  volunteers.	  Data	  presented	  as	  mean	  ±	  
standard	  deviation	  [Courtesy	  Dr.	  Christian	  Stehning].	  
Discussion	  
For	  the	  doses	  employed	  in	  the	  present	  study,	  no	  plateau	  of	  myocardial	  T1	  could	  be	  
observed	  after	  subsequent	  contrast	  injections.	  A	  decrease	  of	  T1	  was	  observed	  
following	  each	  individual	  0.25mMol/kg	  injection,	  which	  indicates	  that	  contrast-­‐
enhanced	  perfusion	  studies	  can	  be	  conducted	  with	  multiple	  contrast	  injections.	  The	  
measured	  myocardial	  T1	  correlates	  well	  with	  the	  expected	  values	  extrapolated	  from	  
the	  excretion	  characteristics	  of	  Gd-­‐DTPA277.	  	  Although	  the	  currently	  available	  data	  
points	  are	  relatively	  sparse,	  is	  seems	  that	  the	  contrast	  kinetics	  in	  myocardium	  after	  
multiple	  injections	  can	  be	  modeled	  with	  sufficient	  accuracy	  using	  a	  simple	  
superposition	  of	  the	  logarithmic	  contrast	  washout	  behavior.	  According	  to	  the	  model,	  
an	  oscillation	  around	  an	  equilibrium	  T1	  value,	  which	  is	  determined	  by	  the	  individual	  
dose,	  injection	  interval,	  and	  excretion	  rate,	  could	  be	  expected	  if	  further	  contrast	  
injections	  were	  given.	  	  
Conclusion	  
Based	  on	  these	  observations	  we	  suggest	  that	  perfusion	  studies	  can	  be	  conducted	  
with	  multiple	  contrast	  injections,	  and	  myocardial	  T1	  can	  be	  approximated	  from	  a	  
model	  with	  sufficient	  accuracy	  to	  translate	  signal	  intensities	  into	  contrast	  agent	  
concentrations.	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2.3.3.5 Assessment	  of	  Physiological	  Flow	  Reserve	  in	  Normal	  Volunteers	  
Undergoing	  Exercise	  Stress	  Using	  Patlak	  Plots	  
Having	  established	  that	  k-­‐t	  SENSE	  was	  the	  optimal	  perfusion	  sequence	  for	  the	  
exercise	  studies	  the	  next	  stage	  was	  to	  determine	  whether	  the	  data	  that	  we	  acquired	  
was	  of	  sufficient	  quality	  to	  obtain	  myocardial	  flow	  data	  that	  was	  consistent	  with	  the	  
physiological	  data	  from	  the	  literature.	  On	  the	  basis	  of	  previous	  experience	  and	  more	  
widespread	  availability	  of	  the	  software	  we	  had	  decided	  that	  we	  would	  use	  the	  Fermi	  
deconvolution	  methods	  outlined	  in	  Section	  2.3.2.2	  above.	  	  Fermi	  deconvolution	  is	  
also	  the	  only	  technique	  validated	  in	  the	  assessment	  of	  differences	  in	  transmural	  flow	  
distribution293.	  However,	  we	  also	  had	  the	  opportunity	  to	  analyse	  this	  data	  with	  the	  
Patlak	  plot	  method,	  which	  would	  allow	  a	  useful	  comparison	  with	  the	  data	  obtained	  
from	  the	  Fermi	  deconvolution.	  	  The	  results	  from	  the	  Fermi	  analysis	  are	  included	  in	  
Chapter	  6.	  The	  Patlak	  data	  is	  presented	  below.	  	  
Methods	  and	  Analysis	  
8	  healthy	  volunteers	  (age	  25-­‐35	  years)	  underwent	  a	  standardised	  exercise	  protocol	  
(increments	  of	  20W	  each	  minute	  for	  6	  minutes	  at	  a	  rate	  of	  60	  rpm)	  using	  a	  specially	  
adapted	  supine	  cycle	  ergometer	  that	  was	  attached	  to	  the	  sliding	  table	  inside	  the	  
CMR	  scanner;	  the	  subject	  could	  exercise	  without	  leaving	  the	  table	  and	  scanning	  
could	  occur	  almost	  immediately	  after	  peak	  exercise.	  Rate	  pressure	  product	  (RPP)	  
calculated	  as	  peak	  systolic	  blood	  pressure	  x	  peak	  HR	  was	  recorded	  at	  peak	  exercise.	  
k-­‐t	  SENSE	  accelerated	  perfusion	  CMR	  was	  performed	  on	  a	  3T	  Philips	  Achieva®	  system	  
using	  0.025mmol/kg/min	  Gd-­‐DO3A-­‐butrol	  and	  the	  following	  pulse	  sequence:	  
saturation	  recovery	  gradient	  echo,	  repetition	  time/echo	  time	  3.0ms/1.0ms,	  flip	  angle	  
15°,	  5x	  k-­‐t	  SENSE	  acceleration,	  11	  interleaved	  training	  profiles,	  WET	  pre-­‐pulse	  
(angles	  120°,	  90°,	  180°,	  140°);	  delay	  100ms,	  spatial	  resolution	  1.8x1.8x10mm3,	  3	  
slices	  at	  each	  RR	  interval,	  40	  dynamic	  images.	  For	  blood	  pool	  saturation	  correction	  
MR	  images	  with	  diluted	  Gd-­‐DO3A-­‐butrol	  injection	  (0.0025mmol/kg)	  were	  also	  
acquired.	  The	  mid-­‐slice	  was	  used	  in	  each	  subject	  for	  further	  analysis.	  After	  correcting	  
for	  saturation	  of	  the	  blood	  signal,	  arterial	  input	  and	  myocardial	  output	  time-­‐intensity	  
curves	  were	  analyzed	  with	  a	  Patlak	  plot	  method	  to	  quantify	  global	  myocardial	  K1	  at	  
rest	  and	  stress.	  Then,	  absolute	  global	  myocardial	  blood	  flow	  (MBF)	  at	  rest	  and	  stress	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and	  myocardial	  perfusion	  reserve	  (MPR)	  were	  calculated	  from	  the	  K1	  measurement	  
using	  the	  extraction	  fraction	  (EF)	  of	  the	  Gd	  contrast	  agent,	  where	  EF=0.5	  at	  rest,	  
EF=0.3	  at	  stress.	  The	  local	  ethics	  board	  approved	  the	  study	  and	  all	  subjects	  signed	  a	  
consent	  form	  beforehand.	  	  Data	  are	  presented	  as	  mean	  ±	  standard	  deviation	  (SD).	  	  
Results	  
All	  subjects	  successfully	  completed	  the	  exercise	  protocol.	  Full	  data	  are	  presented	  in	  
Chapter	  6.	  Resting	  MBF	  was	  89.8±10	  ml/min/100g	  compared	  to	  stress	  of	  
302.1±141.1ml/min/100g	  (P<0.008),	  giving	  an	  MPR	  of	  3.3±1.4.	  RPP	  was	  17556	  ±	  
1209	  indicating	  equivalent	  workload	  across	  all	  subjects.	  	  
Discussion	  and	  Conclusions	  
k-­‐t	  SENSE	  can	  be	  used	  to	  acquire	  perfusion	  CMR	  data	  during	  ergometer	  stress	  and	  
analysis	  with	  Patlak	  plots	  can	  be	  used	  to	  determine	  global	  myocardial	  perfusion	  
reserve	  in	  healthy	  volunteers.	  The	  value	  of	  3.3	  for	  the	  MPR	  is	  consistent	  with	  
physiological	  values	  from	  the	  literature306,	  309.	  	  Also	  see	  Chapter	  6,	  where	  the	  mean	  
MPR	  derived	  from	  the	  Fermi	  deconvolution	  was	  very	  similar	  3.3±0.5;	  obtaining	  the	  
same	  values	  from	  two	  different	  quantification	  methods	  is	  reassuring	  and	  suggests	  
consistency	  of	  the	  data.	  We	  did	  not	  use	  Patlak	  plots	  to	  examine	  differences	  in	  
transmural	  flow	  distribution	  as	  the	  technique	  is	  not	  validated	  for	  this	  purpose.	  	  
More	  studies	  are	  required	  to	  determine	  regional	  flow	  distribution	  but	  this	  technique	  
holds	  potential	  for	  the	  functional	  assessment	  of	  patients	  with	  cardiac	  disease.	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Table	  4. Results	  of	  the	  first	  8	  volunteers	  showing	  blood	  flows	  at	  rest	  and	  peak	  exercise	  as	  
calculated	  using	  Patlack	  plots.	  	  	  
	   	  
Figure	  34. Patlack	  plots	  in	  a	  volunteer;	  the	  left	  hand	  panel	  is	  at	  rest,	  and,	  the	  right	  hand	  panel,	  
during	  maximal	  exercise	  stress	  showing	  globally	  increased	  k1	  measurements	  [slide	  courtesy	  
of	  Dr.	  Masaki	  Ishida].	  	  
	  
Chapter	  2.	  Methods	  
	  
	   105	  
2.4 Acknowledgements	  
I	  am	  most	  grateful	  to	  Mick	  Kelly	  and	  his	  team	  in	  the	  Works	  Dept.,	  St	  Thomas’	  
Hospital	  for	  his	  valuable	  assistance	  with	  the	  many	  adaptations	  required	  to	  both	  the	  
catheterisation	  lab	  and	  MRI	  ergometers.	  His	  endless	  enthusiasm	  and	  innovative	  
ideas	  were	  crucial	  to	  the	  project.	  	  I	  am	  also	  grateful	  to	  all	  the	  staff	  in	  the	  cath	  lab	  and	  
MRI	  suite	  who	  endured	  the	  many	  frustrations	  and	  delays	  through	  the	  early	  
development	  stages	  of	  both	  exercise	  protocols,	  again	  without	  whom	  this	  project	  
would	  not	  have	  been	  possible.	  	  I	  would	  like	  to	  thanks	  Masaki	  Ishida	  for	  his	  help	  with	  
the	  Patlak	  plot	  analysis,	  and	  Christian	  Stehning	  for	  his	  work	  on	  the	  T1	  plots	  and	  
modeling	  to	  look	  at	  background	  contrast	  saturation.	  	  Thanks	  to	  Dr.	  Maria	  Siebes	  and	  
her	  team	  at	  the	  Academic	  Medical	  Centre,	  Amsterdam,	  the	  Netherlands,	  for	  their	  
help	  with	  the	  WIA	  of	  data	  used	  in	  this	  thesis.
106	  
3 A	  CLINICAL	  TRIAL	  EXAMINING	  POSTCONDITIONING	  OF	  THE	  
MYOCARDIUM	  FOLLOWING	  MYOCARDIAL	  INFARCTION:	  
INNATE	  CARDIAC	  PROTECTION?	  
	  
Tim	  Lockie1,	  Ian	  Webb1,	  Divaka	  Perera1,	  Amedeo	  Chiribiri2	  	  Sven	  Plein2,	  3,	  Eike	  Nagel2,	  
Simon	  Redwood1,	  Mike	  Marber1	  
1Cardiovascular	  Research	  Division,	  The	  Rayne	  Institute,	  St	  Thomas’	  Hospital,	  KCL,	  London	  UK	  
2Division	  Imaging	  Sciences,	  The	  Rayne	  Institute,	  St	  Thomas’	  Hospital,	  KCL,	  London,	  UK	  










Chapter	  3.	  Postconditioning	  in	  Acute	  Myocardial	  Infarction	  
	  
	   107	  
3.1 Abstract	  
Background	  
Postconditioning	  (PC)	  is	  a	  novel	  strategy	  to	  reduce	  reperfusion	  injury	  following	  
myocardial	  infarction	  through	  graded	  restoration	  of	  blood	  flow.	  Cardiac	  magnetic	  
resonance	  (CMR)	  imaging	  provides	  unique	  tissue	  characterization.	  
Methods	  
Patients	  undergoing	  primary	  percutaneous	  coronary	  intervention	  (PPCI)	  were	  
enrolled	  into	  a	  prospective	  randomised	  control	  pilot	  study	  to	  evaluate	  the	  feasibility	  
of	  early	  CMR	  imaging	  to	  examine	  the	  effect	  of	  PC.	  Following	  restoration	  of	  TIMI	  3	  
flow	  the	  PC	  protocol	  involved	  4	  x	  1	  minute	  serial	  balloon	  inflations	  at	  4-­‐6	  atm	  to	  re-­‐
occlude	  the	  artery,	  with	  1	  minute	  between	  each	  inflation.	  Patients	  in	  the	  control	  arm	  
were	  stented	  after	  8	  minutes	  of	  unhindered	  reperfusion.	  CMR	  was	  then	  performed	  
<36	  hrs	  to	  determine	  the	  extent	  of	  infarction	  by	  late	  gadolinium	  enhancement	  (LGE).	  
Microvascular	  obstruction	  (MVO)	  was	  represented	  by	  areas	  of	  low	  signal	  on	  the	  
early	  gadolinium	  enhanced	  image.	  Results	  are	  presented	  as	  mean	  ±	  standard	  error	  
(SE).	  Student’s	  t-­‐test	  was	  used	  to	  compare	  the	  groups.	  CMR	  data	  were	  blinded	  for	  
analyses.	  
Results	  
33	  patients	  were	  randomised	  into	  the	  study	  of	  which	  19	  patients	  completed	  the	  
protocol	  (3	  haemodynamic	  instability,	  5	  IABP	  insertion,	  2	  thrombectomy,	  4	  no-­‐
reflow	  post	  stent	  (2	  control,	  2	  PC))	  and	  14	  underwent	  a	  successful	  CMR	  scan	  (8	  PC,	  6	  
control)	  <36	  hrs.	  	  Baseline	  characteristics	  were	  similar	  as	  was	  the	  pain-­‐to-­‐balloon	  
time	  (mins)	  (137±24	  con;	  183±45	  PC,	  NS).	  ST	  segment	  resolution	  (mm),	  a	  marker	  of	  
reperfusion,	  was	  significantly	  improved	  in	  the	  PC	  group	  (3.3±0.3	  vs.	  1.3±0.3,	  
p<0.004).	  	  Peak	  CK	  release	  (IU)	  was	  not	  different	  between	  the	  groups	  (2319±540	  con	  
vs.	  2010±336	  PC,	  NS)	  nor	  was	  the	  area	  under	  the	  curve	  of	  CK	  release	  over	  36	  hours.	  
There	  was	  no	  significant	  difference	  in	  the	  area	  of	  LGE(cm3)	  (25.4±4.9	  con	  vs.	  
36.8±7.1	  PC,	  NS)	  nor	  was	  there	  a	  difference	  in	  MVO(cm3)	  (4.18±1.9	  con	  vs.	  6.6±3.6	  
PC,	  NS).	  There	  were	  no	  MACE	  reported	  in	  any	  study	  patients	  at	  9	  months.	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Conclusions	  
A	  CMR	  scan	  early	  after	  PPCI	  is	  feasible	  and	  provides	  high	  quality	  data.	  Initial	  data	  
suggest	  improved	  perfusion	  by	  PC	  but	  no	  infarct	  reduction.	  
	  
3.2 Background	  
The	  consequences	  of	  acute	  myocardial	  infarction	  (AMI)	  are	  a	  major	  cause	  of	  
morbidity	  and	  mortality.	  Primary	  percutaneous	  intervention	  (PPCI)	  aims	  to	  restore	  
myocardial	  blood	  flow	  rapidly	  but	  there	  is	  evidence	  that	  this	  process	  in-­‐itself	  may	  
precipitate	  cell	  death,	  microvascular	  obstruction	  (MVO)	  and	  tissue	  dysfunction	  
through	  reperfusion	  injury.	  Postconditioning	  is	  a	  novel	  strategy	  to	  reduce	  
reperfusion	  injury	  through	  graded	  restoration	  of	  blood	  flow148.	  More	  detailed	  
background	  is	  given	  in	  Section	  1.2.2.2.	  	  Preliminary	  clinical	  trials	  have	  suggested	  that	  
postconditioning	  at	  the	  time	  of	  reperfusion	  results	  in	  an	  early	  reduction	  in	  infarct	  
size.	  Our	  proposed	  prospective,	  randomised,	  controlled	  study	  will	  compare	  PPCI	  
alone	  to	  PPCI	  with	  a	  postconditioning	  protocol.	  We	  aim	  to	  study	  the	  effects	  of	  post	  
conditioning	  on	  late	  infarct	  volume	  and	  left	  ventricular	  (LV)	  segmental	  and	  global	  
performance	  using	  delayed	  Gadolinium-­‐enhanced	  cardiac	  magnetic	  resonance	  
imaging	  (CMR).	  We	  suggest	  that	  postconditioning	  will	  result	  in	  reduced	  late	  
infarction	  at	  5	  months	  with	  improved	  LV	  wall	  thickening	  and	  overall	  improved	  
function.	  We	  suggest	  that	  MVO	  within	  the	  infarct	  zone	  in	  the	  24	  hours	  following	  AMI	  
will	  be	  reduced	  by	  postconditioning	  and	  will	  predict	  LV	  recovery.	  MVO	  will	  be	  
measured	  by	  early	  first-­‐pass	  Gadolinium	  hypoenhancement	  CMR	  imaging.	  	  
To	  date	  there	  have	  been	  no	  clinical	  studies	  using	  CMR	  imaging	  to	  assess	  the	  effects	  
of	  postconditioning	  at	  the	  time	  of	  primary	  PCI.	  CMR	  provides	  unique	  tissue	  
characterisation	  of	  the	  myocardium	  with	  high	  resolution	  and	  reproducibility	  and	  
without	  the	  use	  of	  ionising	  radiation.	  It	  is	  able	  to	  determine	  function,	  perfusion,	  
viability	  and	  scar	  characteristics	  that	  are	  not	  possible	  through	  other	  imaging	  
modalities.	  Although	  other	  studies148,	  150,	  310	  have	  suggested	  that	  postconditioning	  
provides	  a	  significant	  reduction	  in	  early	  infarct	  volume	  they	  have	  generally	  relied	  on	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enzyme	  release	  to	  infer	  infarct	  size	  with	  only	  the	  recent	  Yang	  paper	  utilising	  SPECT	  
imaging	  at	  1	  week.	  Although	  CK	  release	  profile	  has	  been	  used	  previously	  as	  a	  marker	  
of	  infarct	  size	  it	  is	  very	  crude	  and	  prone	  to	  error.	  The	  process	  of	  postconditioning	  
itself	  may	  affect	  the	  dynamics	  of	  enzyme	  release	  and	  such	  a	  rise	  alone	  gives	  little	  
indication	  of	  the	  processes	  occurring	  at	  a	  microvascular	  level.	  It	  is	  also	  known	  that	  
interventions	  can	  reduce	  necrosis	  at	  the	  expense	  of	  increased	  oncosis/apoptosis,	  a	  
process	  not	  associated	  with	  immediate	  CK	  release311.	  By	  relying	  on	  CK	  release	  one	  
cannot	  be	  sure	  that	  such	  interventions	  are	  not	  simply	  delaying	  the	  progression	  to	  
infarction	  rather	  than	  representing	  a	  sustained	  anti-­‐infarct	  effect.	  Robust,	  serial	  
imaging	  modalities	  are	  therefore	  required	  to	  assess	  the	  long	  term	  sustained	  effect	  of	  
postconditioning	  in	  reducing	  infarct	  size.	  SPECT	  imaging	  has	  many	  well-­‐recognized	  
limitations.	  	  The	  poor	  resolution	  of	  the	  technique,	  which	  cannot	  distinguish	  
subendocardial	  from	  transmural	  myocardial	  infarction,	  means	  that	  it	  may	  
significantly	  underestimate	  infarcts	  where	  there	  is	  not	  full	  thickness	  involvement.	  In	  
a	  heterogeneous	  study	  population	  with	  a	  large	  range	  of	  infarct	  sizes	  this	  may	  be	  very	  
significant.	  To	  compound	  this	  myocardial	  stunning	  and	  acute	  abnormalities	  in	  
microvascular	  perfusion	  may	  result	  in	  the	  well	  reported	  overestimation	  of	  infarct	  
size	  in	  certain	  groups	  with	  the	  possibility	  that	  late	  recovery	  of	  the	  myocardium	  may	  
alter	  the	  measurement312.	  The	  large	  radiation	  dose	  from	  each	  study	  means	  that	  
serial	  examinations	  are	  not	  feasible.	  A	  much	  more	  accurate	  means	  of	  tracking	  
changes	  in	  infarct	  size	  and	  LV	  function	  is	  using	  Gd-­‐enhanced	  CMR,	  a	  well-­‐validated	  
and	  robust	  modality.	  	  CMR	  is	  safe,	  reproducible	  and	  does	  not	  result	  in	  excess	  
radiation	  doses	  to	  patients	  undergoing	  repeated	  examinations.	  	  The	  latest	  CMR	  
navigation	  and	  tracking	  sequences	  allow	  highly	  accurate	  comparisons	  to	  be	  made	  
over	  time313.	  	  To	  show	  whether	  early	  infarct	  reduction	  is	  maintained	  the	  patients	  in	  
the	  proposed	  study	  will	  be	  rescanned	  at	  5	  months	  which	  is	  the	  time	  when	  it	  is	  
considered	  the	  scar	  has	  achieved	  its	  final	  form314.	  No	  studies	  to	  date	  have	  published	  
such	  data.	  Recovery	  of	  LV	  function	  following	  AMI	  is	  directly	  related	  to	  clinical	  
outcome121.	  	  Improvements	  in	  function	  at	  5	  months	  compared	  to	  baseline	  will	  form	  
the	  primary	  endpoint	  of	  the	  study.	  Crucial	  to	  the	  recovery	  of	  wall	  motion	  is	  the	  
presence	  of	  MVO	  within	  infarcted	  segments	  as	  it	  is	  highly	  predictive	  of	  poor	  recovery	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compared	  to	  dysfunctional	  segments	  at	  time	  of	  reperfusion	  that	  do	  not	  contain	  
MVO271.	  CMR	  will	  be	  able	  to	  track	  both	  changes	  in	  LV	  segmental	  wall	  thickening	  and	  
the	  presence	  of	  MVO.	  It	  is	  suggested	  that	  by	  ameliorating	  the	  deleterious	  effects	  of	  
reperfusion	  injury	  in	  the	  first	  minutes	  following	  restoration	  of	  coronary	  flow	  
postconditioning	  will	  reduce	  MVO	  and	  promote	  LV	  recovery	  over	  and	  above	  the	  
reduction	  in	  infarct	  size	  alone.	  	  To	  assess	  microvascular	  function	  the	  
postconditioning	  studies	  to	  date	  have	  either	  relied	  on	  the	  myocardial	  blush	  grade	  
(MBG),	  a	  crude	  angiographically	  derived	  marker	  of	  perfusion,	  or	  coronary	  flow	  
reserve,	  also	  unreliable	  and	  highly	  dependent	  on	  loading	  conditions	  and	  residual	  
epicardial	  coronary	  disease.	  In	  addition,	  they	  were	  measured	  almost	  immediately	  
after	  PCI;	  this	  may	  simply	  represent	  post-­‐PCI	  hyperaemia	  and	  does	  not	  account	  for	  
the	  well	  described	  dynamic	  nature	  of	  MVO	  continuing	  to	  evolve	  beyond	  
reperfusion315.	  In	  our	  study	  we	  will	  assess	  microvascular	  function	  through	  accurate	  
and	  validated	  measures	  at	  24-­‐48	  hours	  following	  reperfusion.	  	  The	  purpose	  of	  this	  
study	  is	  to	  use	  contemporary	  CMR	  techniques	  to	  confirm	  that	  the	  described	  short-­‐
term	  benefits	  of	  postconditioning	  are	  followed	  by	  long-­‐term	  improvements	  in	  LV	  
performance.	  	  So	  far,	  studies	  have	  relied	  on	  unreliable	  markers	  of	  infarct	  size	  or	  
imaging	  modalities	  early	  after	  tissue	  reperfusion	  and	  therefore	  the	  sustained	  
positive	  effects	  of	  postconditioning	  have	  yet	  to	  be	  determined.	  
3.3 Aims	  
1. To	  establish	  the	  existence	  and	  potential	  therapeutic	  role	  of	  postconditioning	  
in	  the	  setting	  of	  primary	  angioplasty	  for	  acute	  myocardial	  infarction	  in	  
reducing	  anatomical	  infarct	  size	  through	  a	  prospective,	  randomised,	  
controlled	  clinical	  study.	  
2. To	  investigate	  whether	  the	  early	  reduction	  in	  infarction	  volume	  with	  
postconditioning	  is	  maintained	  at	  5	  months	  and	  results	  in	  improved	  wall	  
motion	  scores	  and	  global	  LV	  performance	  
3. To	  establish	  whether	  postconditioning	  reduces	  microvascular	  obstruction	  
acutely	  in	  the	  infarct	  zone	  which	  in	  turn	  predicts	  improved	  LV	  recovery	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3.4 Study	  Design	  
3.4.1 Inclusion	  criteria	  
Patients	  with	  AMI	  defined	  by	  chest	  pain	  >30	  minutes	  and	  <12	  hours,	  ST	  elevation	  
>0.1mV	  in	  2	  contiguous	  limb	  leads	  or	  >0.2mV	  in	  >2	  contiguous	  precordial	  leads	  or	  
new	  LBBB.	  There	  must	  be	  TIMI	  0/1	  flow	  in	  the	  infarct	  related	  artery	  (IRA)	  at	  
diagnostic	  angiogram.	  
3.4.2 Exclusion	  criteria	  
Contra-­‐indications	  to	  MRI,	  pregnancy,	  concomitant	  illness,	  culprit	  left	  main	  stem	  
disease,	  thrombolysis,	  Q-­‐waves	  in	  territories	  without	  ST	  elevation,	  previous	  CABG,	  
spontaneous	  recanalisation	  (TIMI	  2/3	  flow	  in	  the	  IRA)	  or	  extensive	  collateralisation	  
(Rentrop	  Score	  >1)	  at	  diagnostic	  angiogram. 
3.4.3 Randomisation	  
Was	  carried	  out	  after	  the	  coronary	  angiogram	  confirmed	  TIMI	  1/0	  flow	  in	  the	  infarct	  
related	  artery	  and	  was	  via	  an	  envelope	  to	  either	  postconditioning	  or	  control	  group.	  	  
3.4.4 Interventional	  Protocol	  
All	  procedures	  were	  carried	  out	  by	  the	  interventional	  cardiologists	  at	  St	  Thomas’	  
Hospital.	  The	  infarct	  related	  artery	  (IRA)	  and	  culprit	  lesion	  were	  identified,	  lesion	  
crossed	  and	  flow	  restored	  with	  a	  single	  balloon	  inflation.	  Those	  patients	  with	  TIMI	  
2/3	  flow	  after	  this	  first	  balloon	  inflation	  were	  randomized	  to	  (1)	  routine	  PCI	  or	  (2)	  PCI	  
followed	  by	  the	  postconditioning	  protocol.	  This	  process	  is	  time-­‐dependent	  and	  there	  
must	  not	  be	  more	  than	  1	  minute	  between	  the	  restoration	  of	  flow	  to	  the	  IRA	  and	  the	  
start	  of	  the	  postconditioning	  protocol.	  Patients	  who	  required	  multiple	  balloon	  
inflations	  to	  achieve	  satisfactory	  flow	  were	  excluded.	  The	  postconditioning	  protocol	  
involved	  4	  x	  1	  minute	  serial	  re-­‐inflations	  of	  the	  pre-­‐dilatation	  balloon	  at	  low	  
atmospheres	  (e.g.	  4-­‐6	  atmospheres)	  in	  order	  to	  re-­‐occlude	  the	  artery	  with	  a	  period	  
of	  1	  minute	  left	  between	  each	  inflation.	  Occlusion	  of	  the	  artery	  was	  confirmed	  by	  
either	  further	  ST	  elevation	  on	  the	  electrocardiograph	  or	  a	  short	  contrast	  injection	  
with	  the	  balloon	  inflated	  to	  ensure	  no	  distal	  flow.	  If	  there	  was	  evidence	  of	  flow	  then	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the	  balloon	  was	  inflated	  further	  or	  up-­‐sized.	  The	  protocol	  was	  commenced	  after	  1	  
minute	  of	  initial	  reperfusion	  and	  at	  the	  same	  intra-­‐coronary	  site.	  The	  lesion	  was	  then	  
stented	  as	  per	  usual.	  Patients	  in	  the	  control	  arm	  were	  stented	  after	  8	  minutes	  of	  
unhindered	  reperfusion	  (see	  figure	  below).	  	  The	  loading	  of	  patients	  with	  aspirin	  and	  
clopidogrel	  and	  the	  use	  of	  adjuvant	  glycoprotein	  IIb/IIIa	  inhibitors	  as	  suggested	  by	  
guidelines	  was	  allowed,	  however,	  the	  use	  of	  thrombus	  aspiration	  or	  haemodynamic	  
instability	  that	  required	  temporary	  pacing	  or	  the	  use	  of	  an	  intra-­‐aortic	  balloon	  pump	  
or	  other	  inotropic	  support	  meant	  the	  patient	  was	  excluded	  from	  the	  study	  	  
	  
Figure	  35. Study	  protocol	  for	  the	  cardiac	  catheterisation	  laboratory	  after	  the	  diagnostic	  
coronary	  angiogram	  confirming	  an	  occluded	  vessel	  (TIMI	  0	  flow)	  in	  patients	  being	  treated	  
with	  PPCI	  for	  acute	  STEMI.	  
3.4.5 Cardiac	  Magnetic	  Resonance	  Imaging	  
Imaging	  was	  carried	  out	  on	  a	  Philips	  Intera	  CV	  1.5T	  dedicated	  research	  MR	  scanner.	  
The	  imaging	  protocol	  consisted:	  a	  plan	  scan;	  a	  SENSE	  reference	  scan;	  cine	  SSFP	  short	  
axis	  LV	  function	  scan	  (app.	  12	  slices,	  40	  phases	  of	  the	  cardiac	  cycle);	  a	  1st	  pass	  Turbo	  
Field	  Echo	  dynamic	  perfusion	  scan	  (3	  slices	  per	  cardiac	  cycle,	  resolution	  (better	  than	  
2.5	  mm	  x	  2.5	  mm	  x	  8	  mm)	  using	  Gd-­‐DTPA	  (0.1	  mmol/kg);	  3D	  Inversion	  Recovery	  (IR)	  
myocardial	  viability	  late	  enhancement	  scans	  in	  short	  and	  long	  axis	  views,	  resolution	  
(2	  mm	  x	  2	  mm	  x	  10mm)	  at	  2	  minutes	  (for	  hypo-­‐enhancement)	  and	  15-­‐20	  minutes	  
(for	  hyper-­‐enhancement)	  following	  Gd-­‐DTPA	  injection	  (additional	  0.3	  mmol/kg).	  End	  
systolic	  volume	  (ESV)	  and	  end	  diastolic	  (EDV)	  were	  quantified	  by	  drawing	  
endocardial	  and	  epicardial	  contours	  on	  the	  short	  axis	  series	  of	  the	  cine-­‐MRI	  images	  
Control Group
Unhindered reperfusion 8 mins
1st TIMI 2-3 flow Stent
Balloon
1min          1’ 1’ 1’
Inflate
Deflate
1min         1’ 1’
Post-Conditioning Group
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and	  ejection	  fraction	  (EF)	  was	  calculated	  as:	  (EDV-­‐ESV)/EDV	  x	  100%271.	  The	  17-­‐
segment	  model	  of	  the	  LV	  was	  used	  for	  regional	  wall	  motion	  assessment316.	  LV	  
segmental	  thickening	  (%)	  at	  baseline	  and	  at	  5	  months	  was	  compared	  to	  regions	  of	  
remote	  myocardium	  that	  are	  unaffected	  by	  significant	  coronary	  disease.	  Myocardial	  
perfusion	  was	  evaluated	  per	  segment	  and	  scored	  as:	  1,	  normal	  perfusion	  
(homogeneous	  enhancement	  of	  myocardium);	  2,	  mild	  perfusion	  defect	  
(subendocardial	  layer	  of	  hypo-­‐enhancement);	  and	  3,	  severe	  perfusion	  defect	  (30%	  
transmural	  extent	  of	  hypo-­‐enhancement)271.	  Infarct	  mass	  was	  determined	  by	  
multiplying	  delayed	  enhancement	  volume	  by	  1.05g/ml	  as	  previously	  described271.	  
The	  dynamic	  increase	  in	  infarct	  size	  in	  the	  hours	  beyond	  reperfusion	  has	  been	  well	  
documented	  with	  continued	  tissue	  oedema,	  inflammation	  and	  myocardial	  stunning	  
that	  may	  last	  for	  several	  days131,	  273.	  Subsequently,	  there	  is	  little	  recovery	  in	  wall	  
motion	  in	  the	  days	  following	  reperfusion317.	  The	  early	  CMR	  scan	  within	  24	  hours	  of	  
reperfusion	  representing	  baseline	  function	  is,	  therefore,	  likely	  to	  reflect	  the	  extent	  of	  
myocardial	  ischaemia	  through	  contractile	  dysfunction	  caused	  by	  both	  irreversible,	  
and	  reversible	  (stunning),	  injury.	  	  
3.4.6 Power	  Calculations	  and	  Sample	  Size	  
A	  standard	  (two-­‐tailed)	  t-­‐test	  was	  used	  to	  assess	  sample	  size	  to	  detect	  a	  mean	  
improvement	  in	  LV	  function	  in	  the	  control	  and	  intervention	  groups.	  We	  use	  a	  
standard	  formula	  for	  sample	  size	  determination55	  
N	  =	  2(σ/δ)2(z1-­‐α/2+	  z1-­‐β)2	  +(z1-­‐α/2)2/4	  
Where	  N	  is	  the	  sample	  size,	  α	  is	  the	  significance	  level,	  1-­‐β	  is	  the	  study	  power	  
required,	  σ	  is	  the	  inter-­‐study	  standard	  deviation,	  δ	  is	  the	  difference	  in	  ejection	  
fraction	  to	  be	  detected	  and	  zx	  is	  the	  x-­‐th	  percentile	  of	  a	  standard	  normal	  distribution.	  
Using	  α=0.05,	  1-­‐β=0.9,	  σ=5.1	  (derived	  from	  published	  data36	  as	  well	  as	  in-­‐house	  
observations)	  and	  δ=	  3	  (a	  36%	  reduction	  in	  infarct	  size	  suggested	  by	  Staat	  et	  al27	  
would	  equate	  to	  an	  approximate	  improvement	  in	  EF	  of	  6%	  from	  post	  MI	  longitudinal	  
studies40;	  an	  improvement	  of	  3%	  EF	  will	  be	  sought	  to	  allow	  for	  smaller	  infarct	  
sizes),	  N=	  	  15	  using	  the	  above	  values.	  With	  potential	  patient	  dropout	  we	  aimed	  to	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recruit	  20	  patients	  per	  group.	  This	  will	  also	  compensate	  for	  assumptions	  regarding	  a	  
known	  standard	  deviation	  and	  using	  a	  standard	  normal,	  rather	  than	  t	  critical	  values.	  
3.4.7 Ethics	  	  
Full	  ethical	  approval	  was	  obtained	  (COREC	  Ref	  06/Q0702/67).	  Consent	  was	  a	  two-­‐
stage	  process	  with	  the	  patient	  giving	  verbal	  consent	  to	  the	  postconditioning	  protocol	  
prior	  to	  going	  to	  the	  catheter	  lab	  and	  then	  written	  consent	  to	  the	  rest	  of	  the	  study	  
afterwards.	  Both	  stages	  of	  the	  consent	  were	  taken	  by	  either	  TL	  or	  IW.	  A	  study	  safety	  
and	  event	  monitoring	  committee	  met	  regularly	  and	  assessed	  the	  patients	  recruited	  
to	  the	  study.	  At	  a	  pre-­‐specified	  point	  after	  the	  recruitment	  of	  20	  patients	  into	  the	  
study	  a	  full	  interim	  analysis	  of	  data	  recorded	  so	  far	  was	  undertaken	  to	  assess	  safety	  
of	  the	  protocol	  and	  the	  usefulness	  of	  continuing.	  	  
3.5 Results	  
These	  results	  reflect	  the	  interim	  analysis	  performed	  after	  14	  patients	  successfully	  
completed	  the	  entire	  study	  protocol.	  	  
3.5.1 Baseline	  characteristics	  
33	  patients	  were	  randomised	  into	  the	  study	  of	  which	  19	  patients	  completed	  the	  
catheter	  lab	  protocol.	  3	  were	  excluded	  due	  to	  haemodynamic	  instability	  during	  the	  
initial	  wiring	  of	  the	  vessel,	  5	  required	  intra-­‐aortic	  balloon	  insertion,	  2	  required	  
thrombectomy	  because	  of	  heavy	  thrombus	  load,	  in	  4	  patients	  there	  was	  no-­‐reflow	  
after	  stent	  insertion	  requiring	  multiple	  further	  balloon	  inflations	  (2	  occurred	  in	  the	  
control	  arm	  and	  2	  in	  the	  PC	  arm).	  In	  total,	  14	  (13	  male,	  1	  female)	  underwent	  a	  
successful	  CMR	  scan	  (8	  post	  con,	  6	  control)	  within	  36	  hrs	  and	  of	  these	  9	  underwent	  a	  
successful	  follow-­‐up	  scan	  at	  5	  months.	  The	  full	  details	  of	  the	  study	  population	  and	  
recruitment	  are	  listed	  in	  Table	  5.	  	  Data	  are	  presented	  as	  mean	  ±	  standard	  deviation.	  	  
There	  were	  no	  differences	  regarding	  baseline	  characteristics,	  other	  than	  the	  PC	  
population	  tended	  to	  be	  slightly	  older	  with	  a	  higher	  proportion	  of	  left	  anterior	  
descending	  (LAD)	  infarcts.	  Otherwise,	  background	  medication,	  incidence	  of	  prior	  
ischaemic	  heart	  disease	  and	  cardiovascular	  risk	  factors	  were	  similar	  other	  than	  a	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higher	  proportion	  of	  diabetics	  in	  the	  control	  arm.	  	  The	  pain-­‐to-­‐balloon	  times	  showed	  
that	  these	  were	  longer	  in	  the	  PC	  group	  at	  183±45	  minutes	  compared	  to	  the	  control	  
group	  at	  137±24	  minutes	  although	  these	  differences	  were	  not	  statistically	  significant	  
and	  were	  skewed	  by	  one	  subject	  in	  the	  PC	  arm	  who	  arrived	  at	  the	  lab	  after	  420	  
minutes	  of	  pain.	  	  	  
3.5.2 Coronary	  Angiography	  and	  Primary	  PCI	  
Out	  of	  the	  33	  patients	  randomised	  into	  the	  study	  it	  can	  be	  seen	  from	  the	  above	  flow	  
chart	  that	  there	  was	  a	  high	  proportion	  of	  patients	  who	  dropped	  out	  of	  the	  study	  
with	  8	  being	  excluded	  in	  the	  PC	  arm	  and	  6	  excluded	  in	  the	  control	  arm	  before	  the	  
cath	  lab	  protocol	  was	  completed	  or	  if	  completed	  before	  the	  patient	  left	  the	  lab	  and	  
was	  safely	  back	  on	  the	  coronary	  care	  unit	  (CCU).	  	  The	  causes	  for	  this	  are	  listed	  above	  
and	  were	  evenly	  distributed	  between	  the	  groups.	  There	  was	  no	  suggestion	  that	  the	  
PC	  protocol	  of	  re-­‐occluding	  the	  vessel	  with	  serial	  balloon	  inflations	  was	  associated	  
with	  procedural	  complications	  and	  was	  tolerated	  very	  well	  by	  the	  patients.	  Any	  form	  
of	  instability,	  however,	  meant	  that	  in	  the	  interests	  of	  the	  safety	  of	  the	  patient	  he	  or	  
she	  had	  to	  be	  taken	  out	  of	  the	  study	  to	  receive	  therapy	  such	  as	  intravenous	  inotropic	  
support	  agents,	  temporary	  pacing,	  thrombus	  aspiration	  or	  the	  insertion	  of	  an	  IABP	  
all	  of	  which,	  in	  addition,	  may	  have	  confounded	  the	  results	  of	  the	  study.	  The	  use	  of	  
GP	  IIb/IIIa	  inhibitors	  is	  standard	  in	  our	  institution	  and	  the	  use	  of	  such	  agents	  was	  
equal	  between	  the	  groups.	  All	  the	  patients	  recruited	  into	  the	  study	  had	  TIMI	  0	  flow	  
at	  the	  time	  of	  the	  first	  diagnostic	  pictures	  and	  in	  the	  PC	  group	  the	  protocol	  was	  
commenced	  within	  the	  first	  minute	  in	  all	  cases.	  	  There	  was	  a	  spread	  of	  infarct	  related	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   Post	  Con	  (n=8)	   Control	  (n=6)	  
Male	  (%)	   8	  (100)	   5	  (83)	  
Age	  (years)	   51.1±6.8	   49.5±7.3	  
Diabetic	  (%)	   1	  (13)	   4	  (66)	  
Raised	  cholesterol	  (%)	   3	  (38)	   3	  (50)	  
Family	  history	  IHD	  (%)	   2	  (25)	   1	  (17)	  
Renal	  dysfunction	  (%)	   0	   0	  
Previous	  MI	  (%)	   0	   0	  
Known	  IHD	  (%)	   2	  (25)	   1	  (17)	  
	   	   	  
Aspirin	   3	  (38)	   2	  (33)	  
Statin	   3	  (38)	   3	  (50)	  
ACEi/ARB	   4	  (50)	   2	  (33)	  
Beta-­‐blocker	   2	  (25)	   2	  (33)	  
	   	   	  
Infarct	  related	  Artery	   	   	  
• LAD	   4	  (50)	   2	  (33)	  
• Cx	   1	  (13)	   2	  (33)	  
• RCA	   3	  (38)	   2	  (33)	  
TIMI	  0	  flow	  at	  presentation	   7	  (88)	   6	  (100)	  
Pain	  to	  balloon	  time	  (mins)	   183±45	   137±24	  
GP	  IIb/IIIa	  used	   7	  (88)	   6	  (100)	  
Final	  TIMI	  3	  flow	   8	  (100)	   5	  (83)	  
Table	  5. Baseline	  characteristics	  of	  study	  patients	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Figure	  36. Flow	  diagram	  showing	  recruitment	  to	  the	  study.	  IABP	  =	  intra-­‐aortic	  balloon	  pump	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Figure	  37. Post	  conditioning	  protocol	  in	  a	  patient	  with	  an	  inferior	  STEMI.	  Sequential	  balloon	  
occlusion	  of	  the	  artery	  following	  reperfusion	  at	  minute	  intervals	  causing	  brief	  episodes	  of	  
ischaemia	  as	  evidenced	  by	  further	  transient	  ST	  segment	  elevation	  
3.5.3 Enzymatic	  Infarct	  Size	  
Peak	  CK	  release	  (IU)	  was	  not	  different	  between	  the	  groups	  (2319±540	  control	  vs.	  
2010±336	  PC,	  NS)	  nor	  was	  the	  area	  under	  the	  curve	  of	  CK	  release	  over	  36	  hours.	  	  See	  
Figure	  38	  below.	  	  Peak	  Troponin	  T	  measured	  12	  hours	  after	  admission	  was	  also	  not	  
Chapter	  3.	  Postconditioning	  in	  Acute	  Myocardial	  Infarction	  
	  
	   119	  
different	  between	  the	  groups	  (7.3±1.3	  control	  vs.	  5.4±1.1	  PC,	  NS).	  See	  Figure	  39	  
below.	  
Figure	  38. Figure	  
showing	  peak	  release	  of	  CK	  
(IU)	  and	  the	  release	  over	  
the	  first	  36	  hours	  after	  











Figure	  39. Showing	  
peak	  Troponin	  I	  (μg/L)	  at	  12	  
hours	  after	  presentation.	  








Chapter	  3.	  Postconditioning	  in	  Acute	  Myocardial	  Infarction	  
	  
	   120	  
3.5.4 ST-­‐Segment	  Shift	  
ECG	  ST-­‐segment	  resolution	  (mm),	  a	  marker	  of	  reperfusion,	  was	  significantly	  
improved	  in	  the	  PC	  group	  (3.3±0.3	  vs.	  1.3±0.3,	  p<0.002).	  
Figure	  40. Showing	  ST-­‐
segment	  resolution	  on	  ECG	  following	  






1.1.5 Cardiac	  Magnetic	  Resonance	  Imaging	  
Early	  CMR	  imaging	  was	  carried	  out	  on	  all	  subjects	  successfully	  within	  36	  hours	  of	  
presentation	  (mean	  23	  ±13.3	  hours),	  apart	  from	  one	  patient	  in	  the	  control	  arm	  who	  
suffered	  claustrophobia	  at	  the	  beginning	  of	  the	  scan	  meaning	  that	  no	  data	  could	  be	  
collected.	  The	  mean	  scanning	  time	  was	  51±18	  minutes	  and	  all	  images	  were	  of	  
sufficient	  quality	  for	  analysis.	  	  
Baseline	  CMR	  Scan	  
There	  was	  no	  difference	  in	  LV	  size	  (cm3),	  which	  was	  128.5±29.8	  in	  the	  PC	  group	  
compared	  to	  151.6±25.8	  in	  the	  control	  group,	  or,	  mass	  (g)	  where	  the	  corresponding	  
values	  were	  133.6±31	  in	  the	  PC	  group	  vs.	  157.6±26.8	  for	  the	  control.	  The	  volume	  of	  
late	  gadolinium	  enhancement	  was	  not	  different	  between	  the	  groups,	  either	  when	  
expressed	  as	  a	  absolute	  measurement	  (cm3)	  (35.6±16.4	  in	  the	  PC	  group	  compared	  to	  
26.1±9.8	  control),	  or	  as	  a	  percentage	  of	  the	  LV	  myocardium	  as	  a	  whole	  (26.9±9.3	  PC	  
vs.	  17.4±6.3	  control).	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Figure	  41. CMR	  images	  taken	  at	  36	  hours	  from	  a	  study	  patient	  presenting	  with	  a	  lateral	  STEMI	  
due	  to	  an	  occluded	  left	  umflex	  coronary	  artery.	  	  A)	  T2-­‐weighted	  scans	  showing	  increased	  
tissue	  oedema	  in	  the	  lateral	  wall,	  B)	  Gd-­‐enhanced	  perfusion	  images	  demonstrating	  dark	  
areas	  at	  the	  endocardial	  border	  representing	  microvascular	  obstruction	  (MVO),	  and,	  C)	  T1-­‐
weighted	  images	  demonstrating	  areas	  of	  late	  gadolinium	  enhancement	  representing	  early	  
infarct	  size	  with	  a	  dark	  core	  of	  MVO	  that	  corresponds	  to	  the	  early	  perfusion	  images	  
Microvascular	  obstruction	  (MVO)	  was	  defined	  by	  the	  dark	  regions	  of	  hypo-­‐
enhancement	  within	  the	  infarct	  zone	  and	  again	  there	  was	  no	  significant	  difference	  
between	  the	  groups	  either	  when	  expressed	  as	  an	  absolute	  value	  (6.2±8.5	  PC	  vs.	  
4.2±0.2	  control)	  or	  as	  a	  percentage	  of	  the	  total	  infarct	  area	  (12.3±9.3	  PC	  vs.	  13.4±8.6	  
control),	  which	  consisted	  of	  the	  regions	  of	  hyper	  and	  hypo-­‐enhancement	  added	  
together	  (see	  Figure	  42	  below).	  
CMR	  scan	  at	  5	  months	  
5	  further	  patients	  dropped	  out	  before	  the	  second	  CMR	  scan	  could	  be	  performed,	  
including	  one	  patient	  who	  had	  a	  cardiac	  defibrillator	  fitted	  meaning	  he	  could	  no	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longer	  undergo	  a	  scan.	  	  The	  full	  details	  of	  the	  data	  are	  presented	  in	  the	  table	  above	  
but	  there	  remained	  no	  differences	  in	  any	  of	  the	  major	  endpoints	  at	  5	  months	  
between	  the	  groups.	  
3.6 Discussion	  
The	  main	  results	  of	  the	  interim	  analysis	  of	  this	  randomised,	  prospective	  study	  
examining	  the	  benefits	  of	  postconditioning	  compared	  to	  control	  in	  a	  population	  of	  
patients	  undergoing	  primary	  PCI	  for	  acute	  ST-­‐elevation	  MI	  suggest	  an	  improvement	  
in	  tissue	  perfusion,	  but	  no	  reduction	  in	  infarct	  size.	  These	  results	  must	  be	  treated	  
cautiously	  as	  they	  are	  not	  powered	  to	  determine	  any	  significant	  differences	  due	  to	  
low	  numbers.	  	  	  
Although	  Staat	  et	  al148,	  318	  showed	  that	  postconditioning	  can	  reduce	  infarct	  size,	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Figure	  42. Showing	  mid	  slice	  short	  axis	  CMR	  images	  in	  a	  patient	  21	  hours	  after	  presenting	  with	  
an	  acute	  anterior	  ST-­‐elevation	  MI.	  The	  top	  images	  show	  T1-­‐weighted	  images	  early	  after	  
injection	  of	  a	  gadolinium	  (Gd)	  containing	  contrast	  agent.	  The	  dark	  endocardial	  area	  indicates	  
microvascular	  obstruction	  (MVO),	  which	  can	  be	  quantified	  using	  planimetry	  computer	  
software	  as	  seen	  in	  the	  right-­‐hand	  panel.	  The	  images	  below	  are	  late	  enhancement	  images	  
taken	  15	  minutes	  after	  contrast	  injection	  with	  the	  myocardium	  nulled	  to	  optimise	  the	  signal	  
to	  noise	  between	  the	  bright	  areas	  signifying	  acute	  injury	  and	  the	  dark	  areas	  that	  represent	  
normal	  myocardium.	  Within	  the	  infarct	  zone	  at	  the	  endocardial	  border,	  however,	  the	  
intensely	  black	  areas	  represent	  MVO	  where	  the	  contrast	  agent	  is	  not	  able	  to	  reach.	  Total	  
infarct	  size	  is	  calculated	  by	  adding	  together	  the	  areas	  of	  early	  hypo-­‐enhancement	  seen	  in	  the	  
early	  images	  and	  late	  hyper-­‐enhancement	  seen	  in	  the	  later	  images.	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Figure	  43. Showing	  illustrating	  the	  main	  MRI	  data.	  LV=	  left	  ventricle,	  MVO=	  microvascular	  
obstruction,	  PC=	  postconditioning	  arm	  
consistent	  with	  the	  findings	  from	  the	  present	  study.	  Recently,	  in	  a	  study	  of	  72	  
patients	  being	  treated	  with	  PPCI	  Masotti	  et	  al319	  failed	  to	  demonstrate	  a	  benefit	  
from	  postconditioning	  in	  limiting	  infarct	  size	  and,	  on	  the	  contrary,	  found	  a	  significant	  
reduction	  in	  myocardial	  salvage	  in	  the	  postconditioning	  group	  compared	  to	  control.	  
A	  trend	  toward	  increased	  infarct	  size	  was	  seen	  in	  the	  current	  study	  but	  this	  is	  likely	  
to	  be	  due	  to	  the	  preponderance	  of	  LAD	  infarcts	  in	  the	  postconditioning	  arm,	  rather	  
than	  an	  adverse	  effect	  of	  the	  postconditioning	  protocol	  itself	  although	  this	  must	  be	  
considered	  given	  these	  recent	  data.	  Other	  similar	  studies	  have	  also	  been	  presented,	  
all	  showing	  a	  lack	  of	  clear	  benefit	  from	  mechanical	  postconditioning	  delivered	  in	  this	  
fashion.	  Despite	  these	  negative	  results	  there	  is	  still	  possible	  that	  some	  form	  of	  
postconditioning	  can	  be	  used	  to	  attenuate	  re-­‐perfusion	  injury	  in	  patients	  with	  acute	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Baseline	  Scan	   Post	  Con	  (n=8)	   Control	  (n=6)	   	  
LV	  volume	  (cm3)	   128.5±29.8	   151.6±25.8	   NS	  
LV	  mass	  (g)	   133.6±31	   157.6±26.8	   NS	  
LGE	  volume	  (cm3)	   35.6±16.4	   26.1±9.8	   NS	  
LGE	  %	   26.9±9.3	   17.4±6.3	   NS	  
MVO	  volume	  (cm3)	   6.2±8.5	   4.2±0.2	   NS	  
MVO	  %	  of	  infarct	   12.3±9.3	   13.4±8.6	   NS	  
Total	  Infarct	  size	  (cm3)	   41.32±23.4	   33±12.9	   NS	  
Infarct	  as	  %	  of	  LV	   31±12	   21±8.7	   NS	  
5	  month	  Scan	   Post	  Con	  (n=5)	   Control	  (n=4)	   	  
LV	  volume	  (cm3)	   143±35.9	   137.1±29.3	   NS	  
LV	  mass	  (g)	   148.7±37.4	   142.6±30.4	   NS	  
LGE	  volume	  (cm3)	   29±14.1	   23.5±15	   NS	  
LGE	  %	   21±13.9	   16±8.3	   NS	  
MVO	  volume	  (cm3)	   0.5±0.7	   0.2±0.4	   NS	  
Total	  Infarct	  size	  (cm3)	   29.4±14.6	   23.7±14.8	   NS	  
Infarct	  as	  %	  of	  LV	   22.1±14.3	   16.7±8.2	   NS	  
Table	  6. Table	  showing	  the	  baseline	  MRI	  data.	  LV=	  left	  ventricle,	  LGE	  =late	  gadolinium	  
enhancement,	  MVO=	  microvascular	  obstruction,	  total	  infarct	  size	  =LGE	  area	  +	  MVO	  area.	  Data	  
are	  expressed	  as	  mean	  ±	  standard	  deviation	  (SD).	  	  
myocardial	  infarction,	  perhaps	  using	  different	  methods	  to	  deliver	  the	  
postconditioning	  stimulus.	  	  The	  direct	  mechanical	  method	  i.e.	  the	  direct	  interruption	  
of	  blood	  in	  the	  coronary	  artery	  supplying	  the	  infarcted	  myocardium	  is	  relatively	  
complicated	  and	  limited	  by	  the	  availability	  of	  local	  expertise	  and	  particularly	  by	  the	  
time-­‐dependent	  manner	  in	  which	  the	  postconditioning	  stimulus	  needs	  to	  be	  applied	  
following	  re-­‐perfusion	  means	  that	  this	  technique	  is	  likely	  to	  be	  always	  limited	  by	  
these	  factors.	  Similarly	  the	  increased	  use	  of	  thrombectomy	  devices	  prevents	  
comparison	  with	  a	  control	  group	  of	  unhindered	  reperfusion.	  Interest	  has	  been	  
shown	  in	  other	  ways	  to	  tap	  this	  “new	  wine	  from	  the	  old	  bottle”137	  of	  cardiac	  
protection.	  	  Remote	  preconditioning	  where	  an	  ischaemic	  stimulus	  such	  as	  a	  ligature	  
around	  an	  arm	  or	  leg	  has	  been	  shown	  to	  confer	  cardiac	  protection	  in	  patients	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undergoing	  cardiac	  surgery160	  and	  early	  evidence	  suggests	  a	  similar	  protective	  
benefit	  with	  remote	  postconditioning320-­‐322.	  Trials	  are	  underway	  to	  evaluate	  role	  the	  
role	  of	  remote	  postconditioning	  in	  acute	  myocardial	  infarction	  where	  it	  has	  the	  
advantage	  of	  being	  able	  to	  be	  applied	  in	  the	  ambulance	  by	  the	  paramedics	  almost	  
immediately	  and	  as	  such	  can	  potentially	  yield	  the	  maximum	  benefit.	  	  Interest	  is	  also	  
being	  shown	  in	  pharmacological	  agents	  such	  as	  glucagon-­‐like-­‐peptide323,	  
erythropoietin324,	  atorvastatin296,	  atrial	  naturetic	  peptide295	  and	  cyclosporin325	  which	  
have	  all	  been	  shown	  to	  have	  a	  cardioprotective	  effect	  and	  are	  undergoing	  further	  
evaluation	  in	  larger	  clinical	  trials.	  	  Again	  these	  agents	  have	  the	  advantage	  of	  being	  
easily	  and	  rapidly	  administered	  at	  an	  early	  stage	  so	  that	  their	  effect	  will	  be	  apparent	  
as	  soon	  as	  anterograde	  blood	  flow	  is	  restored	  and	  they	  are	  able	  to	  take	  advantage	  of	  
that	  golden	  moment	  after	  reperfusion	  when	  there	  is	  some	  chance	  of	  conferring	  
cardio-­‐protection	  and	  increasing	  myocardial	  salvage.	  	  
3.7 Study	  Limitations	  
Clinical	  studies	  involving	  patients	  presenting	  with	  acute	  myocardial	  infarction	  are	  a	  
notoriously	  difficult	  group	  to	  study	  due	  to	  the	  inherent	  clinical	  instability	  and	  
unpredictability	  of	  their	  presentation.	  It	  is	  often	  difficult	  to	  gain	  an	  accurate	  history	  
from	  patients	  about	  both	  the	  duration	  and	  severity	  of	  their	  symptoms	  and	  past	  
medical	  history;	  in	  addition,	  patients	  are	  naturally	  anxious	  about	  consenting	  into	  
clinical	  trials	  when	  they	  are	  scared	  and	  uncertain	  about	  what	  is	  happening	  to	  them.	  	  
In	  addition,	  there	  are	  those	  patients	  in	  whom	  anterograde	  flow	  is	  already	  present	  
when	  the	  diagnostic	  pictures	  are	  taken	  or	  have	  evidence	  of	  extensive	  multi-­‐vessel	  
disease	  with	  collateralisation	  or	  previous	  myocardial	  infarction	  all	  of	  which	  are	  
exclusion	  criteria	  for	  the	  study.	  	  	  	  As	  can	  be	  seen	  from	  the	  recruitment	  flow	  chart,	  
even	  if	  they	  are	  randomised	  then	  there	  is	  still	  a	  high	  chance	  of	  the	  patient	  being	  
excluded	  from	  the	  study	  with	  the	  inherent	  complications	  that	  are	  present	  in	  a	  high	  
proportion	  of	  PPCI	  cases,	  such	  as	  no-­‐reflow	  or	  haemodynamic	  compromise	  requiring	  
additional	  LV	  support.	  All	  of	  the	  above	  conspired	  to	  a	  slower	  than	  predicted	  
recruitment	  rate.	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From	  a	  protocol	  perspective	  this	  was	  well	  tolerated	  in	  the	  cath	  lab	  and	  the	  early	  MRI	  
scan	  was	  feasible	  and	  produced	  good	  quality	  data.	  With	  its	  excellent	  tissue	  
characterization	  and	  accurate	  evaluation	  of	  infarct	  size	  and	  area	  of	  MVO,	  CMR	  
should	  become	  the	  investigation	  of	  choice	  for	  such	  trials	  in	  the	  future.	  There	  is	  the	  
potential	  for	  inadvertent	  bias	  due	  to	  the	  fact	  that	  the	  interventionalist	  was	  not	  
blinded	  to	  whether	  the	  patient	  was	  either	  in	  the	  postconditioning	  or	  control	  arm.	  	  To	  
ameliorate	  this	  possible	  bias,	  analysis	  of	  ECG	  and	  blood	  enzyme	  levels	  as	  well	  as	  all	  
the	  CMR	  data	  collection	  and	  analysis	  were	  undertaken	  in	  a	  blinded	  fashion	  by	  
researchers	  who	  were	  unaware	  of	  the	  intervention	  received	  by	  the	  patient.	  
With	  the	  problems	  encountered	  in	  the	  recruitment	  of	  patients	  into	  the	  present	  study	  
together	  with	  the	  lack	  of	  any	  positive	  signal	  from	  the	  pre-­‐specified	  interim	  analysis	  
and	  the	  publication	  of	  similar	  (albeit	  better	  powered)	  single-­‐centre	  trials	  which	  also	  
failed	  to	  elicit	  a	  positive	  result,	  it	  was	  decided	  by	  the	  study	  steering	  committee	  that	  
it	  was	  not	  worth	  continuing	  with	  the	  present	  study	  for	  reasons	  of	  futility.	  	  Future	  
studies	  need	  to	  be	  directed	  in	  the	  form	  of	  multi-­‐centre	  large	  trials	  to	  establish	  the	  
benefits	  of	  postconditioning	  using	  hard	  clinical	  endpoints,	  and	  possibly	  utilising	  less	  
invasive	  methods	  such	  as	  pharmacotherapy	  or	  remote	  postconditioning.	  	  	  
3.8 Conclusion	  
In	  this	  small,	  single-­‐centre	  pilot	  we	  examined	  the	  role	  of	  postconditioning	  in	  
reducing	  infarct	  size	  in	  patients	  undergoing	  PPCI	  for	  acute	  ST-­‐elevation	  MI.	  The	  study	  
was	  attenuated	  by	  slow	  recruitment	  and	  high	  drop-­‐out	  rates	  and	  while	  a	  pre-­‐
specified	  interim	  analysis	  suggested	  better	  tissue	  perfusion	  in	  the	  postconditioning	  
group	  as	  evidenced	  by	  better	  ST-­‐segment	  resolution,	  there	  was	  no	  reduction	  in	  
infarct	  size	  or	  reduction	  in	  MVO	  as	  determined	  by	  cardiac	  enzyme	  release	  and	  CMR	  
imaging.	  These	  data	  need	  to	  be	  interpreted	  cautiously	  because	  of	  the	  lack	  of	  
statistical	  power.	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4.1 Abstract	  
Background	  	  
Cardiac	  magnetic	  resonance	  (CMR)	  myocardial	  perfusion	  is	  an	  evolving	  technique	  for	  
the	  detection	  of	  significant	  coronary	  artery	  disease	  (CAD).	  New	  acquisition	  strategies	  
may	  enable	  high	  spatial	  resolution	  CMR	  perfusion	  images	  but	  requires	  further	  
clinical	  validation.	  	  
Objectives	  
To	  compare	  visual	  and	  quantitative	  analysis	  of	  high	  spatial	  resolution	  CMR	  perfusion	  
at	  3	  Tesla	  against	  fractional	  flow	  reserve	  (FFR)	  determined	  in	  the	  cath	  lab.	  	  
Methods	  and	  Results	  
42	  patients	  (33	  male,	  age	  57.4±9.6	  years)	  with	  known	  or	  suspected	  CAD	  underwent	  a	  
k-­‐t	  SENSE	  accelerated	  adenosine-­‐stress	  perfusion	  CMR	  scan	  at	  3T	  achieving	  in-­‐plane	  
spatial	  resolution	  of	  1.2	  x1.2	  mm2.	  In	  the	  catheter	  laboratory,	  FFR	  was	  measured	  in	  
all	  vessels	  with	  >50%	  severity	  stenosis.	  FFR	  <	  0.75	  was	  considered	  haemodynamically	  
significant.	  2	  blinded	  observers	  visually	  interpreted	  the	  CMR	  data,	  which	  was	  further	  
fully	  quantified	  to	  determine	  the	  myocardial	  perfusion	  reserve	  (MPR).	  In	  total,	  126	  
coronary	  territories	  were	  examined	  and	  52	  major	  vessels	  underwent	  pressure	  wire	  
assessment.	  Of	  these,	  27	  lesions	  had	  an	  FFR	  <0.75	  and	  25	  lesions	  had	  an	  FFR	  ≥0.75.	  
Sensitivity	  and	  specificity	  of	  visual	  analysis	  of	  CMR	  perfusion	  to	  detect	  coronary	  
stenoses	  at	  a	  threshold	  of	  FFR	  <0.75	  was	  0.82	  and	  0.94	  (p<0.0001)	  respectively	  with	  
an	  area	  under	  the	  curve	  (AUC)	  of	  0.92	  (p<0.0001).	  From	  quantitative	  analysis,	  the	  
optimum	  MPR	  to	  detect	  such	  lesions	  was	  1.58	  with	  a	  sensitivity	  of	  0.80	  and	  
specificity	  of	  0.89	  (p<0.0001)	  and	  an	  AUC	  0.89	  (p<0.0001).	  	  
Conclusions	  
High-­‐resolution	  CMR	  perfusion	  MR	  at	  3T	  accurately	  detects	  flow-­‐limiting	  coronary	  
artery	  disease	  as	  defined	  by	  FFR,	  using	  both	  visual	  and	  quantitative	  analyses.	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4.2 Background	  
Cardiac	  magnetic	  resonance	  (CMR)	  myocardial	  perfusion	  imaging	  offers	  great	  
potential	  for	  the	  non-­‐invasive	  detection	  of	  myocardial	  ischaemia	  due	  to	  its	  high	  
resolution,	  lack	  of	  ionising	  radiation	  and	  additional	  tissue	  characterisation.	  Recent	  
studies	  have	  suggested	  a	  high	  degree	  of	  accuracy	  of	  CMR	  compared	  to	  other	  non-­‐
invasive	  techniques156,	  214.	  New	  CMR	  acquisition	  strategies	  that	  simultaneously	  take	  
advantage	  of	  coil	  encoding	  and	  spatiotemporal	  correlations,	  such	  as	  k-­‐space	  and	  
time	  sensitivity	  encoding	  (k-­‐t	  SENSE),	  allow	  considerable	  acceleration	  of	  CMR	  data	  
acquisition220.	  Such	  acceleration	  can	  be	  invested	  in	  further	  improved	  in-­‐plane	  spatial	  
resolution	  approaching	  1mm2.	  The	  introduction	  of	  3	  Tesla	  CMR	  scanners	  is	  a	  further	  
improvement	  in	  perfusion	  CMR	  due	  to	  the	  intrinsically	  high	  signal	  to	  noise	  ratio	  
(SNR)	  compared	  with	  1.5	  Tesla.	  Combined,	  high	  spatial	  resolution	  and	  high	  SNR	  at	  3	  
Tesla	  may	  offer	  a	  step	  change	  in	  the	  performance	  of	  myocardial	  perfusion	  CMR.	  
High-­‐resolution	  myocardial	  perfusion	  CMR	  at	  3	  Tesla	  has	  been	  proved	  accurate	  in	  
the	  detection	  of	  coronary	  disease	  as	  determined	  anatomically	  by	  a	  50%	  stenosis	  on	  
the	  coronary	  angiogram223.	  However,	  coronary	  angiography	  alone	  is	  known	  to	  be	  
inaccurate	  in	  the	  determination	  of	  haemodynamically	  significant	  coronary	  disease218.	  
Fractional	  flow	  reserve	  (FFR)	  determined	  invasively	  by	  measuring	  the	  pressure	  
gradient	  across	  a	  coronary	  stenosis	  during	  hyperaemia	  correlates	  well	  with	  clinical	  
end	  points	  and	  non-­‐invasive	  measures	  of	  ischaemia	  based	  on	  a	  dichotomous	  cut-­‐off	  
of	  0.75225,	  326.	  FFR	  is	  highly	  reproducible	  under	  a	  range	  of	  haemodynamic	  conditions	  
and	  considered	  by	  many	  to	  be	  the	  “gold	  standard”	  to	  determine	  functionally	  
significant	  coronary	  stenoses	  that	  would	  benefit	  from	  revascularisation.	  To	  date	  
there	  have	  been	  no	  studies	  comparing	  the	  performance	  of	  high	  resolution	  CMR	  
myocardial	  perfusion	  CMR	  at	  3	  Tesla	  to	  FFR	  in	  the	  detection	  of	  haemodynamically	  
significant	  coronary	  stenosis.	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4.3 Objectives	  
• To	  validate	  CMR	  k-­‐t	  perfusion	  and	  quantification	  methods	  in	  a	  set	  of	  normal	  
volunteers	  	  
• To	  compare	  visual	  and	  quantitative	  analysis	  of	  high	  spatial	  resolution	  CMR	  
perfusion	  at	  3	  Tesla	  against	  fractional	  flow	  reserve	  (FFR)	  determined	  in	  the	  
catheterisation	  lab.	  	  
	  
4.4 Methods	  
Ethics	  approval	  for	  the	  patient	  and	  volunteer	  studies	  was	  obtained	  from	  the	  local	  
ethics	  committee	  (REC	  Study	  No:	  07/Q0704/16).	  As	  part	  of	  the	  consent	  process,	  all	  
patients	  were	  provided	  with	  an	  information	  sheet	  and	  signed	  a	  written	  consent	  
form.	  
4.4.1 Volunteer	  Recruitment	  
To	  validate	  the	  quantitative	  perfusion	  methods	  8	  normal	  subjects	  aged	  less	  than	  40	  
years	  with	  no	  history	  of	  previous	  coronary	  artery	  disease	  and	  with	  no	  other	  
underlying	  medical	  problems	  or	  contraindications	  to	  CMR	  scanning	  were	  
approached	  and	  consented	  into	  the	  trial.	  They	  were	  asked	  to	  abstain	  from	  any	  
caffeine-­‐containing	  products	  for	  24	  hours	  before	  the	  scan.	  	  
4.4.2 Patient	  Recruitment	  	  
Patients	  were	  selected	  who	  either	  had	  confirmed	  coronary	  artery	  disease	  and	  were	  
awaiting	  revascularisation,	  or	  those	  who	  had	  a	  high	  suspicion	  of	  coronary	  artery	  
disease	  and	  had	  been	  booked	  in	  for	  a	  coronary	  angiogram	  with	  a	  view	  to	  proceed	  if	  a	  
significant	  coronary	  stenosis	  was	  detected.	  Exclusion	  criteria	  for	  the	  study	  were	  
contraindications	  for	  CMR;	  known	  allergies	  or	  a	  contra-­‐indication	  to	  Gd-­‐chelates;	  
significant	  cardiac	  arrhythmia;	  pregnancy;	  previous	  myocardial	  infarction;	  previous	  
coronary	  artery	  bypass	  grafting	  (CABG);	  unstable	  angina	  pectoris	  (CCS	  IV)	  or	  acute	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coronary	  syndrome	  (ACS);	  impaired	  LV	  function	  (EF<40%);	  asthma,	  or	  obstructive	  
pulmonary	  disease.	  
4.4.3 CMR	  Protocol	  
Myocardial	  perfusion	  CMR	  was	  performed	  on	  a	  3T	  Philips	  Achieva®	  system	  using	  a	  6	  
channel	  cardiac	  phased	  array	  receiver	  coil	  for	  signal	  reception	  and	  a	  
vectorcardiogram	  for	  triggering	  and	  gating.	  Subjects	  had	  a	  peripheral	  cannula	  
inserted	  in	  both	  antecubital	  fossae,	  one	  for	  administration	  of	  a	  contrast	  agent	  and	  
the	  other	  for	  the	  infusion	  of	  adenosine.	  All	  perfusion	  data	  were	  acquired	  in	  the	  true	  
short	  axis	  of	  the	  LV	  at	  end-­‐inspiration	  to	  minimise	  respiratory	  artefacts.	  The	  
perfusion	  pulse	  sequence	  consisted	  of	  a	  saturation	  recovery	  gradient	  echo	  method	  
with	  a	  repetition	  time/echo	  time	  3.0ms/1.0ms	  and	  flip	  angle	  15°;	  5x	  k-­‐t	  SENSE	  
acceleration	  was	  used	  with	  11	  interleaved	  training	  profiles	  providing	  an	  effective	  
acceleration	  of	  3.8x	  and	  a	  spatial	  resolution	  of	  1.2x1.2x10mm3.	  3	  slices	  were	  
acquired	  at	  each	  RR	  interval.	  The	  first	  slice	  was	  acquired	  immediately	  following	  the	  
R-­‐wave	  on	  the	  ECG.	  In	  order	  to	  acquire	  data	  during	  cardiac	  phases	  with	  minimal	  bulk	  
cardiac	  motion,	  mid-­‐systole	  and	  mid-­‐diastole	  were	  identified	  on	  cine	  images	  and	  the	  
trigger	  delays	  for	  slice	  two	  and	  three	  set	  so	  that	  acquisition	  occurred	  in	  these	  cardiac	  
phases.	  Data	  were	  acquired	  during	  adenosine-­‐induced	  hyperaemia	  (140µg/kg/min)	  
and	  after	  a	  15	  minute	  delay	  at	  rest	  using	  a	  dose	  of	  0.05mmol/kg	  Gd-­‐DTPA	  
(Magnevist®,	  Shering,	  Germany)	  at	  a	  rate	  of	  4ml/minute	  followed	  by	  a	  flush	  of	  20ml	  
Saline.	  Blood	  pressure	  and	  heart	  rate	  were	  monitored	  throughout,	  as	  was	  the	  
subject’s	  response	  to	  adenosine	  to	  ensure	  that	  hyperaemic	  conditions	  were	  
achieved.	  In	  patients,	  standard	  dual	  inversion	  recovery	  late	  gadolinium	  
enhancement	  images	  were	  acquired	  after	  15	  minutes	  to	  ensure	  there	  were	  no	  
significant	  areas	  of	  scar	  that	  may	  interfere	  with	  the	  analysis.	  	  	  
4.4.4 Cardiac	  Catheterisation	  Lab	  Protocol	  
In	  the	  cardiac	  catheterisation	  lab	  arterial	  access	  was	  secured	  in	  the	  right	  femoral	  
artery	  with	  a	  6F	  sheath.	  A	  7F	  sheath	  was	  inserted	  into	  the	  right	  femoral	  vein	  to	  
record	  right	  atrial	  pressure	  via	  a	  multipurpose	  catheter327.	  Diagnostic	  images	  were	  
taken	  using	  standard	  Judkins	  catheters	  in	  at	  least	  2	  orthogonal	  views	  to	  determine	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the	  maximum	  visual	  vessel	  diameter	  stenosis.	  For	  PCI	  a	  guiding	  catheter	  was	  
inserted	  into	  the	  coronary	  ostium	  and	  500μg	  nitrates	  were	  injected	  intracoronary	  to	  
ensure	  maximal	  dilatation	  of	  the	  epicardial	  vessel.	  A	  0.014”	  coronary	  pressure	  
sensor-­‐tipped	  wire	  (Volcano®)	  was	  passed	  into	  any	  vessel	  with	  a	  >50%	  diameter	  
stenosis.	  A	  vessel	  with	  a	  <50%	  diameter	  stenosis	  was	  not	  considered	  to	  be	  
haemodynamically	  significant.	  Fractional	  flow	  reserve	  (FFR)	  was	  measured	  in	  all	  
vessels	  with	  a	  >50%	  diameter	  stenosis	  and	  calculated	  as	  (Pd	  –	  Pv)/(Pa	  -­‐	  Pv),	  where	  Pa,	  
Pv	  and	  Pd	  are	  simultaneous	  aortic,	  right	  atrial	  and	  distal	  coronary	  pressures	  
measured	  during	  an	  intravenous	  infusion	  of	  adenosine	  at	  140µg/kg/min.	  An	  FFR	  
reading	  of	  <0.75	  was	  considered	  to	  be	  haemodynamically	  significant6.	  If	  serial	  
stenoses	  were	  present	  then	  a	  pullback	  was	  performed	  with	  the	  pressure	  wire	  and	  
the	  lowest	  FFR	  measurement	  was	  used.	  Following	  the	  FFR	  measurement	  the	  vessel	  
was	  then	  stented	  as	  appropriate	  at	  the	  discretion	  of	  the	  operator.	  	  Quantitative	  
coronary	  angiography	  (QCA)	  was	  calculated	  for	  all	  lesions	  using	  off-­‐line	  software	  
(Medcon™)	  by	  an	  observer	  blinded	  to	  the	  FFR	  and	  CMR	  data.	  
4.4.5 CMR	  Perfusion	  Analysis	  
Visual	  analysis	  
In	  the	  patient	  cohort,	  2	  experienced	  observers	  blinded	  to	  the	  clinical	  background	  
undertook	  the	  analysis	  using	  a	  dedicated	  off-­‐line	  analysis	  workstation	  (ViewForum®,	  
Philips	  Medical	  Systems).	  The	  LV	  myocardium	  was	  divided	  into	  3	  perfusion	  territories	  
correlating	  to	  each	  of	  the	  major	  coronary	  vessels	  (left	  anterior	  descending,	  LAD,	  
circumflex,	  Cx	  and	  right	  coronary	  artery,	  RCA)	  according	  to	  the	  modified	  
standardised	  nomenclature	  for	  tomographic	  imaging	  of	  the	  heart328.	  Defects	  were	  
reported	  for	  each	  perfusion	  territory	  by	  visual	  analysis	  using	  a	  scale	  from	  0	  to	  3	  
(0=normal,	  1=probably	  normal,	  2=probably	  abnormal,	  3=abnormal).	  	  Abnormal	  
perfusion	  was	  reported	  if	  contrast	  enhancement	  in	  a	  segment	  was	  delayed	  relative	  
to	  that	  of	  a	  remote	  segment,	  or	  if	  a	  transmural	  enhancement	  gradient	  was	  seen.	  If	  
any	  LGE	  was	  present	  then	  the	  observers	  identified	  only	  perfusion	  defects	  outside	  of	  
the	  areas	  of	  LGE.	  In	  case	  of	  disagreement,	  arbitration	  from	  a	  third	  observer	  was	  
sought.	  	  
Chapter	  4.	  High	  Resolution	  MR	  Perfusion	  Imaging	  vs.	  FFR	  
	  
	   135	  
Quantitative	  analysis	  
Data	  was	  analysed	  off-­‐line	  by	  means	  of	  a	  commercially	  available	  dedicated	  software	  
package	  (MASS®,	  Medis,	  Leiden,	  the	  Netherlands)	  by	  two	  separate	  experienced	  
observers	  who	  were	  blinded	  to	  the	  results	  of	  the	  visual	  perfusion	  analysis	  and	  both	  
the	  coronary	  angiogram	  and	  FFR	  data.	  Subendocardial	  borders	  and	  subepicardial	  
borders	  were	  positioned	  on	  each	  slice	  with	  a	  region	  of	  interest	  (ROI)	  placed	  in	  the	  LV	  
cavity.	  The	  LV	  myocardium	  was	  divided	  into	  6	  equiangular	  segments	  per	  slice	  
according	  to	  the	  modified	  standardised	  nomenclature	  for	  tomographic	  imaging	  of	  
the	  heart9.	  Data	  generated	  in	  MASS	  were	  imported	  to	  a	  Fermi	  Function	  
deconvolution	  algorithm	  implemented	  in	  Matlab®	  (The	  MathWorksInc®,	  USA)196.	  The	  
Fermi	  deconvolution	  provided	  estimates	  of	  absolute	  myocardial	  blood	  flow	  
(ml/g/min)	  following	  correction	  for	  baseline	  and	  timing	  offsets	  between	  the	  input	  
and	  tissue	  response	  functions.	  Inter-­‐and	  intra-­‐observer	  variability	  was	  calculated.	  
Myocardial	  perfusion	  reserve	  (MPR)	  was	  calculated	  by	  dividing	  the	  peak	  stress	  flow	  
by	  resting	  flow.	  The	  segments	  were	  then	  assigned	  to	  the	  respective	  perfusion	  
territory9	  and	  the	  mean	  value	  of	  the	  two	  lowest	  scoring	  segments	  for	  each	  perfusion	  
territory	  was	  used	  for	  further	  analysis.	  Although	  the	  observers	  were	  blinded	  to	  the	  
coronary	  angiogram	  and	  hence	  information	  relating	  to	  the	  dominance	  of	  the	  
coronary	  artery,	  if	  a	  large	  perfusion	  defect	  was	  present	  relating	  to	  a	  presumed	  
dominant	  RCA	  that	  spilled	  over	  into	  the	  segments	  assigned	  to	  the	  Cx	  artery	  then	  
these	  data	  were	  regarded	  as	  being	  within	  the	  RCA	  perfusion	  territory	  and	  vice-­‐versa.	  
4.4.6 Statistical	  Analysis	  
Continuous	  data	  were	  expressed	  as	  the	  mean	  ±	  standard	  deviation	  (SD).	  Group	  
means	  were	  compared	  using	  paired	  and	  unpaired	  Student	  t-­‐test	  as	  appropriate.	  
Discrete	  data	  were	  expressed	  as	  percentages.	  Statistical	  significance	  was	  considered	  
for	  P<0.005.	  Receiver	  operating	  characteristic	  (ROC)	  analysis	  was	  used	  to	  determine	  
the	  diagnostic	  accuracy	  of	  visual	  analysis	  to	  detect	  haemodynamically	  significant	  
coronary	  stenoses	  with	  an	  FFR≤0.75	  and	  also	  to	  determine	  the	  optimal	  myocardial	  
perfusion	  reserve	  (MPR)	  to	  determine	  significant	  coronary	  disease	  using	  a	  
dichotomous	  FFR	  cut-­‐off	  of	  0.75.	  Areas	  under	  the	  curve	  (AUCs)	  with	  95%	  confidence	  
intervals	  (95%	  CI)	  were	  determined	  from	  ROC	  analysis	  and	  used	  to	  compare	  the	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diagnostic	  accuracy	  of	  the	  two	  methods.	  Linear	  regression	  was	  used	  for	  correlation	  
of	  MPR	  with	  FFR	  and	  QCA,	  which	  were	  compared	  using	  Seiger’s	  Z-­‐test.	  The	  inter-­‐	  and	  
intra-­‐observer	  variability	  was	  calculated	  using	  the	  Cohen	  kappa	  (k)	  statistic	  for	  the	  
discrete	  visual	  analysis	  data	  and	  for	  the	  continuous	  quantitative	  analysis	  data	  
observers	  were	  compared	  using	  the	  method	  described	  by	  Bland	  and	  Altman329.	  
Coefficient	  of	  variability	  was	  calculated	  as	  standard	  deviation	  of	  differences	  between	  
the	  measurements	  divided	  by	  the	  mean	  value	  of	  the	  two	  observations	  or	  studies.	  
Because	  three	  coronary	  territories	  were	  examined	  per	  patient	  the	  intra-­‐class	  
correlation	  coefficient	  (ICC)	  was	  calculated	  to	  determine	  the	  design	  effect	  and	  the	  
need	  to	  adjust	  these	  data	  for	  clustering	  323.	  Statistical	  analysis,	  including	  generation	  
of	  the	  ROC	  curves	  was	  performed	  using	  SPSS	  (IBM®,	  Statistics,	  Version	  19)	  software.	  
4.5 Results	  
4.5.1 Volunteer	  Studies	  
In	  the	  8	  volunteers	  (6	  male,	  32	  ±8.3	  years)	  all	  subjects	  experienced	  mild,	  transient,	  
typical	  symptoms	  with	  the	  administration	  of	  adenosine	  suggesting	  adequate	  
hyperaemia.	  There	  were	  no	  complications	  from	  the	  adenosine.	  Full	  quantitative	  
analysis	  was	  possible	  with	  all	  studies.	  The	  MPR	  was	  2.64±0.63	  with	  a	  mean	  intra-­‐
observer	  difference	  of	  0.1±0.57	  (p=0.68)	  and	  a	  coefficient	  of	  variability	  of	  21%.	  	  
Inter-­‐observer	  difference	  was	  0.3±0.28	  (p=0.13)	  with	  a	  coefficient	  of	  variability	  of	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   Absolute	  Flow	  (mls/g/min)	  
	   Rest	  	   Stress	   Reserve	  (MPR)	  
Intra-­‐observer	   	   	   	  
Mean	  ±	  SD	   1.72±0.4	   4.46±1.06	   2.64±0.63	  
Mean	  difference	  ±	  SD	   0.09±0.22	   0.21±0.6	   0.1±057	  
Coefficient	  of	  variability	  %	   14	   12	   21	  
P	  value	   0.33	   0.44	   0.68	  
Inter-­‐observer	   	   	   	  
Mean	  ±	  SD	   1.99±0.6	   4.7±1.4	   2.47±0.74	  
Mean	  difference	  ±	  SD	   0.53±0.38	   0.5±0.88	   0.3±0.28	  
Coefficient	  of	  variability	  %	   16	   18	   18	  
P	  value	   0.06	   0.22	   0.13	  
Table	  7. Intra-­‐	  and	  inter-­‐observer	  variability	  for	  full	  quantitative	  analysis	  for	  the	  volunteer	  
cohort.	  	  
4.5.2 Patient	  Studies	  
44	  patients	  (33	  male,	  age	  57.4±9.6	  years)	  were	  recruited.	  	  2	  patients	  were	  excluded	  
from	  the	  final	  analysis:	  1	  because	  they	  did	  not	  tolerate	  the	  CMR	  scan	  due	  to	  
claustrophobia;	  1	  because	  of	  technical	  problems	  with	  the	  FFR	  measurement.	  126	  
coronary	  territories	  in	  42	  patients	  were	  thus	  available	  for	  analysis.	  Full	  background	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Parameter	   Data	  (n=42)	  
Male	  (%)	   33	  (78.6)	  
Age	  (years)	   57.4±9.6	  
Previous	  PCI	  (%)	   8	  (19)	  
DM	  (%)	   8	  (19)	  
Previous	  stroke	  (%)	   1	  (2.3)	  
PVD	  (%)	   3	  (7.1)	  
Smoker	  (%)	   9	  (21.4)	  
Family	  history	  IHD	  (%)	   11	  (26.1)	  
Medications	   	  
• Statin	  (%)	   31	  (73.8)	  
• Betablocker	  (%)	   20	  (47.6)	  
• Aspirin	  (%)	   35	  (83.3)	  
• Clopidogrel	  (%)	   22	  (52.3)	  
• Nitrate	  (%)	   17	  (40.4)	  
• Calcium	  channel	  blocker	  (%)	   10	  (23.8)	  
Table	  8. Baseline	  demographics	  of	  patient	  cohort.	  DM	  =diabetes	  melitus,	  PVD	  =peripheral	  
vascular	  disease,	  LAD	  =left	  anterior	  descending	  artery,	  Cx	  =circumflex,	  RCA	  =right	  coronary	  
artery,	  FFR	  =fractional	  flow	  reserve.	  Data	  presented	  as	  mean	  ±SD.	  	  
CMR	  Data	   	  
Resting	  BP	  (MAP	  mmHg)	   78±11	  
Stress	  BP	  (MAP	  mmHg)	   70±15	  
Resting	  HR	  (bpm)	   71±15	  
Stress	  HR	  (bpm)	   87±25	  
Scanning	  time	  (mins)	   56±13	  
Late	  Gadolinium	  Enhancement	  (%)	  
• Full	  thickness	  




Adenosine	  symptoms	   42	  (100%)	  
Adenosine	  complications	   0	  (0)	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Table	  9. Details	  of	  CMR	  scanning	  carried	  out	  in	  study	  patients.	  BP	  =Blood	  pressure;	  HR	  =	  
heart	  rate.	  Data	  are	  presented	  as	  mean	  ±	  SD.	  
Angiographic	  Data	   	  
Time	  from	  CMR	  scan	  (days)	   2.5±4.9	  	  	  	  
No.	  pts	  with	  ≥1	  lesion	  (>50%	  visual	  
diameter	  stenosis)	  
38	  (90%)	  
No.	  vessels	  FFR	  measured	  (per	  pt)	   1.3±0.8	  
Vessels	  with	  FFR	  >0.75	   25	  (0.89±0.06)	  
Vessels	  with	  FFR≤0.75	   27	  (0.53±0.17)	  
• LAD	  	   17	  
• Cx	  	   3	  
• RCA	  	   7	  
QCA	  in	  vessels	  with	  FFR	  >0.75	  (%	  
diameter	  stenosis)	  
47±15.4	  
QCA	  in	  vessels	  with	  FFR	  <0.75	  (%	  
diameter	  stenosis)	  
81.8±16.3	  
Table	  10. Angiographic	  data	  from	  study	  patients.	  FFR	  =	  fractional	  flow	  reserve;	  LAD	  =	  left	  
anterior	  descending	  artery;	  Cx	  =	  circumflex	  artery;	  RCA	  =	  right	  coronary	  artery;	  QCA	  =	  
quantitative	  coronary	  analysis.	  Data	  are	  presented	  as	  mean	  ±	  SD.	  
Coronary	  Angiography	  
Coronary	  angiography	  was	  performed	  2.5	  ±	  4.9	  days	  after	  CMR.	  The	  findings	  are	  
summarised	  in	  table	  1.	  Out	  of	  the	  126	  vessels	  examined	  53	  (42.1%)	  contained	  a	  
visual	  stenosis	  >50%	  diameter.	  Of	  these,	  52	  vessels	  underwent	  a	  pressure	  wire	  study	  
with	  1.3±0.6	  vessels	  examined	  per	  patient.	  One	  vessel	  contained	  a	  chronic	  total	  
occlusion	  and	  was	  thus	  not	  assessed.	  Of	  those	  assessed,	  27	  lesions	  had	  an	  FFR	  <0.75	  
and	  25	  lesions	  had	  an	  FFR	  ≥0.75,	  with	  mean	  values	  of	  0.53±0.17	  and	  0.89±0.06	  
respectively	  (p<0.0001).	  In	  the	  vessels	  with	  an	  FFR	  <0.75	  there	  was	  an	  81±16.3%	  
diameter	  stenosis	  on	  QCA,	  while	  in	  those	  vessels	  with	  an	  FFR≥0.75	  the	  diameter	  
stenosis	  was	  47.1±15.4%	  (p<0.0001).	  	  In	  the	  vessels	  angiographically	  assessed	  as	  
normal	  the	  diameter	  stenosis	  was	  10.7±14.5%.	  There	  was	  a	  good	  degree	  of	  
correlation	  between	  FFR	  and	  diameter	  stenosis	  (r=-­‐0.76	  [95%CI	  -­‐0.83-­‐to-­‐0.66],	  
P<0.0001).	  See	  Figure	  44	  below.	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Figure	  44. Com
parison	  of	  FFR	  and	  
diameter	  stenosis	  (%)	  
with	  reference	  lines	  
indicating	  an	  FFR	  of	  
0.75	  and	  diameter	  





indicating	  a	  good	  
degree	  of	  correlation.	  
	  
CMR	  imaging	  	  
Mean	  scanning	  time	  was	  56±13	  minutes	  and	  all	  patients	  experienced	  mild,	  transient,	  
typical	  symptoms	  with	  the	  administration	  of	  adenosine.	  There	  were	  no	  
complications	  from	  the	  adenosine.	  There	  was	  an	  appropriate	  fall	  in	  the	  mean	  arterial	  
blood	  pressure	  (MAP)	  from	  78±11mmHg	  to	  70±15mmHg	  (p=0.001)	  and	  an	  increase	  
in	  heart	  rate	  from	  71±10	  beats	  per	  minute	  to	  87±18	  beats	  per	  minute	  (p<0.0001)	  
suggesting	  that	  adequate	  hyperaemia	  was	  achieved.	  2	  (4.7%)	  patients	  had	  evidence	  
of	  subendocardial	  scar	  based	  on	  the	  gadolinium	  late	  enhancement	  images;	  none	  had	  
evidence	  of	  full	  thickness	  transmural	  scar.	  
Visual	  Analysis	  vs.	  FFR	  
Perfusion	  was	  reported	  as	  abnormal	  for	  30	  coronary	  territories	  (23.8%)	  and	  normal	  
for	  96	  territories.	  Examples	  of	  normal	  and	  abnormal	  perfusion	  scans	  are	  shown	  in	  
Figure	  45	  below.	  The	  inter-­‐observer	  reliability	  was	  k=0.79	  [95%	  CI	  0.69-­‐0.91]	  
(p<0.0001).	  FFR	  in	  vessels	  with	  a	  visually	  detected	  perfusion	  defect	  was	  0.59±0.22	  
and	  was	  0.93±0.09	  (p<0.0001)	  in	  those	  with	  visually	  normal	  perfusion.	  Conversely,	  
22	  out	  of	  the	  27	  territories	  with	  an	  FFR<0.75	  had	  a	  perfusion	  defect	  on	  visual	  CMR	  
analysis.	  	  5	  perfusion	  defects	  were	  reported	  in	  99	  vessels	  that	  were	  angiographically	  
normal	  or	  had	  an	  FFR	  ≥0.75.	  Sensitivity	  of	  CMR	  perfusion	  to	  detect	  coronary	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ischaemia	  at	  a	  threshold	  of	  FFR<0.75	  was	  0.82	  [95%	  CI	  0.61-­‐0.93],	  specificity	  0.94	  
[95%	  CI	  0.87-­‐0.98]	  p<0.001,	  positive	  predictive	  value	  0.83	  [95%	  CI	  0.65-­‐0.94]	  and	  
negative	  predictive	  value	  0.94	  [95%	  CI	  0.88-­‐0.98].	  	  The	  likelihood	  ratio	  was	  16	  with	  
an	  AUC	  of	  0.92	  [95%	  CI	  0.85-­‐0.99],	  p<0.0001.	  See	  Figure	  46	  below.	  The	  agreement	  
between	  visual	  analysis	  and	  FFR	  was	  k=0.76	  [95%	  CI	  0.63-­‐0.89],	  (p<0.0001).	  	  
Quantitative	  analysis	  of	  CMR	  perfusion	  
In	  four	  patients,	  quantitative	  analysis	  of	  CMR	  perfusion	  data	  was	  not	  possible	  
because	  of	  imaging	  artefacts	  affecting	  the	  upslope	  of	  the	  myocardial	  signal	  intensity	  
profile	  at	  stress.	  Full	  quantitative	  analysis	  was	  thus	  carried	  out	  for	  114	  perfusion	  
territories	  in	  38	  patients.	  MPR	  in	  the	  24	  territories	  with	  an	  FFR≤0.75	  was	  1.35±0.5.	  In	  
the	  90	  territories	  where	  FFR	  was	  >0.75	  MPR	  was	  2.2±0.5	  (p<0.0001).	  ROC	  analysis	  
revealed	  that	  the	  optimum	  MPR	  was	  1.58	  to	  detect	  functionally	  significant	  coronary	  
disease	  based	  on	  a	  dichotomous	  FFR	  cut-­‐off	  of	  0.75,	  which	  yielded	  a	  sensitivity	  of	  
0.80	  [95%CI	  0.0.58-­‐0.94]	  and	  specificity	  of	  0.89	  [95%CI	  0.8-­‐0.95],	  p<0.0001.	  This	  gave	  
a	  likelihood	  ratio	  of	  9.3	  and	  AUC	  of	  0.89	  [95%CI	  0.8-­‐0.98],	  p<0.0001.	  The	  positive	  
predictive	  value	  of	  an	  MPR	  cut-­‐off	  of	  1.58	  to	  detect	  flow-­‐limiting	  disease	  was	  0.73	  
[95%CI	  0.54-­‐0.88]	  and	  negative	  predictive	  value	  was	  0.95	  (95%	  CI	  0.88-­‐0.98].	  The	  
agreement	  between	  MPR	  and	  FFR	  was	  k=0.70	  [95%	  CI	  0.54-­‐0.86],	  (p<0.0001).	  	  The	  
coefficient	  of	  interobserver	  variability	  for	  MPR	  was	  18%.	  See	  Figure	  48	  below.	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Figure	  45. Effects	  of	  flow	  limiting	  and	  non-­‐limiting	  stenoses	  on	  FFR	  and	  CMR	  perfusion	  images.	  
Patient	  in	  the	  left-­‐hand	  column	  showing	  a)	  normal	  perfusion	  scan,	  b)	  moderate	  lesion	  by	  
visual	  analysis	  in	  the	  left	  anterior	  descending	  (LAD)	  coronary	  artery	  and	  a	  non-­‐dominant	  
circumflex	  vessel,	  and	  c)	  an	  FFR	  trace	  from	  the	  LAD	  during	  adenosine	  hyperaemia	  showing	  a	  
reading	  of	  0.98	  signifying	  a	  non-­‐flow	  limiting	  lesion.	  The	  right-­‐hand	  column	  is	  from	  a	  patient	  
who	  has	  a)	  a	  clear	  anterior	  wall	  sub-­‐endocardial	  perfusion	  defect,	  b)	  a	  tight	  lesion	  in	  the	  
proximal	  LAD	  and	  c)	  an	  FFR	  of	  0.69	  suggesting	  a	  flow-­‐limiting	  lesion.	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Figure	  46. Receiver	  
Operator	  Curve	  (ROC)	  showing	  
the	  sensitivity	  and	  specificity	  of	  
MR	  perfusion	  visual	  analysis	  to	  
detect	  a	  haemodynamically	  
significant	  coronary	  stenosis	  
using	  a	  dichotomous	  value	  of	  
0.75	  for	  fractional	  flow	  reserve	  
(FFR).	  The	  area	  under	  the	  curve	  




Figure	  47. Receiver	  
Operator	  Curve	  (ROC)	  showing	  
the	  sensitivity	  and	  specificity	  of	  
MPR	  to	  detect	  a	  
haemodynamically	  significant	  
coronary	  stenosis	  using	  a	  
dichotomous	  value	  of	  0.75	  for	  
fractional	  flow	  reserve	  (FFR).	  
The	  area	  under	  the	  curve	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Figure	  48. 	  
Scatter	  plot	  showing	  
the	  distribution	  of	  
MPR	  values	  according	  
to	  FFR	  using	  a	  
dichotomous	  cut-­‐off	  of	  
0.75	  to	  signify	  a	  
significant	  lesion.	  The	  
cut-­‐off	  of	  1.58	  for	  the	  
MPR	  has	  been	  marked	  
that	  yielded	  the	  
optimum	  sensitivity	  
and	  specificity	  to	  
detect	  a	  significant	  





Linear	  regression	  analysis	  showed	  a	  closer	  correlation	  between	  MPR	  and	  FFR	  (r=0.59	  
[95%	  CI	  0.43-­‐0.71]	  p<0.0001)	  than	  between	  MPR	  and	  QCA	  (r=-­‐0.47	  [95%	  CI	  -­‐0.61—
0.29]	  p<0.0001),	  Z=4.73	  (p<0.0001).	  ICC	  was	  low	  (r1=	  0.03	  [95%	  CI	  -­‐0.19-­‐0.771],	  
p=0.6)	  with	  a	  design	  effect	  D=	  1.06	  where	  cluster	  size	  m=3.	  See	  Figure	  49	  below.	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Figure	  49. Correlation	  
between	  MPR	  and	  FFR	  r=0.59	  (95%	  CI	  
0.43-­‐0.71)	  p<0.0001	  and	  between	  
MPR	  and	  QCA	  MPR	  with	  QCA	  r=-­‐0.47	  
(95%	  CI	  -­‐0.61—0.29)	  p<0.0001.	  The	  
closer	  correlation	  between	  MPR	  and	  
FFR	  reflects	  the	  fact	  that	  both	  are	  
functional	  tests	  rather	  than	  QCA	  that	  
defines	  a	  lesion	  purely	  on	  an	  
anatomical	  basis.	  QCA	  =quantitative	  
coronary	  analysis	  and	  refers	  to	  









This	  study	  has	  shown	  that	  high	  resolution	  myocardial	  perfusion	  CMR	  imaging	  
accurately	  detects	  functionally	  significant	  coronary	  artery	  stenosis	  as	  determined	  by	  
FFR	  using	  both	  visual	  and	  quantitative	  analysis.	  CMR-­‐based	  measurements	  of	  
myocardial	  blood	  flow	  correlated	  better	  with	  FFR	  than	  with	  QCA.	  	  
	  
Myocardial	  perfusion	  CMR	  imaging	  holds	  great	  promise	  as	  a	  non-­‐invasive	  tool	  in	  the	  
detection	  of	  haemodynamically	  significant	  coronary	  stenosis.	  k-­‐t	  SENSE	  accelerated	  
imaging	  at	  3T	  allows	  faster	  acquisition	  and	  thus	  very	  high	  spatial	  resolution	  of	  the	  
acquired	  data	  at	  high	  signal	  to	  noise	  ratio.	  As	  shown	  here,	  high	  spatial	  resolution	  in	  
turn	  allows	  for	  accurate	  visual	  analysis	  of	  such	  images	  enabling	  defects	  to	  be	  
localised	  to	  a	  particular	  coronary	  territory.	  This	  is	  the	  first	  study	  to	  compare	  high	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resolution	  CMR	  perfusion	  with	  fractional	  flow	  reserve	  in	  the	  detection	  of	  functionally	  
significant	  lesions	  and	  it	  demonstrated	  that	  visual	  analysis	  of	  the	  data	  was	  able	  to	  
identify	  such	  lesions	  with	  a	  high	  degree	  of	  accuracy.	  	  	  	  
	  
The	  acquired	  perfusion	  data	  were	  also	  suitable	  for	  full	  quantification	  with	  the	  MPR	  
obtained	  per	  coronary	  territory	  correlating	  well	  with	  the	  FFR	  measurements.	  ROC	  
analysis	  gave	  an	  optimal	  MPR	  cut-­‐off	  value	  of	  1.58	  to	  discriminate	  accurately	  
between	  haemodynamically	  significant	  and	  non-­‐significant	  lesions,	  which	  is	  
consistent	  with	  cut-­‐off	  values	  from	  other	  studies	  using	  CMR	  perfusion	  imaging200,	  330,	  
331.	  The	  majority	  of	  these	  other	  studies,	  however,	  used	  XCA	  to	  determine	  the	  lesion	  
severity.	  	  It	  has	  been	  discussed	  previously	  why	  a	  more	  functional	  test	  such	  as	  FFR	  to	  
assess	  lesion	  significance	  is	  preferable	  to	  using	  anatomically	  based	  endpoints	  alone.	  
The	  more	  discriminatory	  nature	  of	  FFR	  measurements	  is	  highlighted	  in	  figure	  1	  in	  the	  
present	  study	  where	  a	  significant	  proportion	  of	  the	  patients	  with	  a	  diameter	  stenosis	  
>50%	  had	  an	  FFR	  >0.75	  and	  therefore	  represent	  false-­‐positive	  results.	  This	  also	  
explains	  why	  MPR	  was	  found	  to	  correlate	  more	  closely	  with	  FFR	  than	  QCA	  (see	  figure	  
6),	  reflecting	  the	  fact	  that	  both	  are	  functional	  tests,	  rather	  than	  QCA	  that	  defines	  a	  
lesion	  on	  purely	  anatomical	  terms.	  	  Rieber	  et	  al	  assessed	  a	  standard	  CMR	  perfusion	  
sequence	  at	  1.5T	  for	  the	  detection	  of	  FFR-­‐determined	  coronary	  disease.	  A	  semi-­‐
quantitative	  analysis	  of	  upslopes	  of	  the	  signal-­‐intensity	  profiles	  in	  43	  patients	  yielded	  
a	  sensitivity	  and	  specificity	  of	  88%	  and	  90%	  respectively330.	  	  Visual	  analysis	  was	  not	  
performed.	  By	  comparison,	  Watkins	  et	  al	  used	  visual	  analysis	  of	  CMR	  perfusion	  alone	  
with	  FFR	  in	  the	  assessment	  of	  103	  CAD	  patients	  and	  were	  able	  to	  detect	  functionally	  
significant	  disease	  with	  similarly	  high	  accuracy217.	  In	  this	  later	  study	  25%	  of	  the	  
patients	  had	  acute	  coronary	  syndromes	  and	  23%	  had	  evidence	  of	  prior	  myocardial	  
infarction.	  Although	  FFR	  has	  been	  used	  in	  these	  settings332,	  333	  its	  applicability	  
remains	  uncertain	  and	  there	  are	  concerns	  about	  the	  necessary	  assumptions	  of	  
minimal	  microvascular	  resistance	  attained	  during	  hyperaemia230.	  In	  addition,	  the	  
presence	  of	  acutely	  injured	  myocardium	  or	  variable	  amounts	  of	  scar	  may	  have	  an	  
unpredictable	  effect	  on	  the	  visual	  interpretation	  of	  myocardial	  perfusion.	  For	  these	  
reasons,	  such	  patients	  were	  not	  included	  in	  the	  present	  study.	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No	  previous	  study	  has	  compared	  visual	  and	  quantitative	  analysis	  of	  myocardial	  
perfusion	  CMR	  images.	  While	  visual	  analysis	  of	  CMR	  perfusion	  is	  widely	  used	  in	  
clinical	  practice	  and	  is	  quick	  and	  convenient,	  current	  methods	  to	  quantify	  myocardial	  
perfusion	  more	  objectively,	  either	  semi-­‐	  or	  fully	  quantitatively,	  although	  accurate	  
can	  be	  slow	  and	  time	  consuming.	  The	  Fermi	  deconvolution	  method	  used	  has	  been	  
validated	  with	  microsphere	  techniques	  and	  has	  been	  shown	  to	  be	  accurate	  and	  
reproducible10.	  In	  the	  present	  study,	  despite	  the	  potential	  limitations	  of	  an	  
optimised	  data	  under-­‐sampling	  perfusion	  technique	  like	  k-­‐t	  SENSE	  good	  quality	  data	  
were	  obtained	  that	  were	  amenable	  to	  such	  analysis	  with	  an	  acceptable	  degree	  of	  
inter-­‐	  and	  intra-­‐observer	  variability	  which	  were	  similar	  to	  previously	  published	  
values334.	  In	  terms	  of	  diagnostic	  accuracy,	  both	  quantitative	  and	  visual	  analysis	  
yielded	  high	  diagnostic	  accuracy	  (AUC=0.89	  vs.	  AUC=0.92,	  respectively)	  to	  detect	  
haemodynamically	  significant	  disease	  as	  determined	  by	  FFR.	  This	  probably	  reflects	  
the	  high	  quality	  of	  the	  visual	  images	  acquired	  with	  high	  spatial	  resolution	  and	  high	  
SNR.	  It	  is	  possible	  that	  temporal	  filtering	  effects	  may	  have	  rendered	  the	  quantitative	  
analysis	  less	  accurate.	  Such	  effects	  can	  be	  limited	  with	  recently	  proposed	  
improvements	  of	  the	  k-­‐t	  method	  that	  were	  not	  available	  at	  the	  time	  this	  study	  was	  
performed335.	  
	  
4.7 Study	  Limitations	  
Consistent	  with	  clinical	  practice,	  FFR	  was	  only	  measured	  in	  vessels	  with	  intermediate	  
coronary	  stenosis.	  	  We	  have	  studied	  a	  population	  with	  a	  very	  high	  prevalence	  of	  CAD	  
who	  were	  already	  listed	  for	  invasive	  studies	  so	  that	  our	  data	  need	  to	  be	  considered	  
preliminary	  and	  the	  reported	  accuracy	  is	  likely	  to	  represent	  a	  best-­‐case	  scenario.	  The	  
applicability	  of	  our	  results	  to	  a	  population	  with	  a	  lower	  pre-­‐test	  probability	  of	  
significant	  CAD	  needs	  to	  be	  determined,	  where	  the	  accuracy	  may	  well	  be	  lower.	  
Artefacts	  may	  be	  a	  problem	  with	  the	  k-­‐t	  method	  due	  to	  respiratory	  or	  cardiac	  
motion	  and	  in	  4	  cases	  quantitative	  analysis	  was	  not	  possible	  because	  if	  this.	  	  Such	  
problems	  may	  be	  accentuated	  in	  patients	  with	  tachyarrhythmia	  or	  an	  inability	  to	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breath	  hold	  for	  the	  scan.	  Because	  three	  perfusion	  territories	  were	  examined	  per	  
patient	  there	  is	  the	  potential	  for	  data	  loss	  through	  clustering.	  Although	  the	  design	  
effect	  of	  this	  was	  low	  due	  to	  a	  small	  ICC	  and	  cluster	  size,	  our	  results	  may	  have	  
overestimated	  data	  correlations.	  
	  
4.8 Conclusions	  
In	  patients	  with	  stable	  coronary	  disease,	  high	  resolution	  CMR	  perfusion	  at	  3	  Tesla	  
detects	  haemodynamically	  significant	  coronary	  stenoses	  as	  determined	  by	  FFR	  with	  
a	  high	  degree	  of	  accuracy,	  using	  both	  visual	  and	  quantitative	  analysis	  methods.	  
Visual	  analysis	  may	  be	  an	  appropriate	  analysis	  strategy	  for	  the	  very	  high	  quality	  CMR	  
perfusion	  images	  that	  can	  be	  obtained	  today.	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5.1 Abstract	  
Background	  
The	  mechanisms	  of	  reduced	  angina	  in	  patients	  with	  coronary	  arterial	  disease	  on	  
second	  exertion,	  also	  known	  as	  warm-­‐up	  angina,	  are	  poorly	  understood.	  Adaptations	  
by	  the	  coronary	  and	  systemic	  circulations	  have	  been	  suggested	  but	  never	  
demonstrated	  in	  vivo.	  In	  this	  study	  we	  measured	  central	  and	  coronary	  
haemodynamics	  during	  serial	  exercise.	  	  	  
Methods	  and	  Results	  
16	  patients	  (15	  male,	  61±4.3	  yrs)	  with	  a	  positive	  exercise	  ECG	  and	  exertional	  angina	  
completed	  the	  protocol.	  During	  cardiac	  catheterisation	  via	  radial	  access	  they	  
performed	  2	  consecutive	  exertions	  (Ex1,	  Ex2)	  using	  a	  supine	  cycle	  ergometer.	  
Throughout	  exertions,	  distal	  coronary	  pressure	  and	  flow	  velocity	  were	  recorded	  in	  
the	  culprit	  vessel	  using	  a	  dual	  sensor	  wire	  whilst	  central	  aortic	  pressure	  was	  
recorded	  using	  a	  second	  wire.	  Patients	  achieved	  a	  similar	  workload	  in	  Ex2	  but	  with	  
less	  ischaemia	  than	  in	  Ex1	  (p<0.01).	  A	  33%	  decline	  in	  aortic	  pressure	  augmentation	  in	  
Ex2	  (p<0.0001)	  coincided	  with	  a	  reduction	  in	  tension	  time	  index	  (TTI),	  a	  major	  
determinant	  of	  LV	  afterload	  (p<0.001).	  	  Coronary	  stenosis	  resistance	  was	  unchanged.	  
A	  sustained	  reduction	  in	  coronary	  microvascular	  resistance	  resulted	  in	  augmented	  
coronary	  flow	  velocity	  on	  second	  exertion	  (both	  p<0.001).	  These	  changes	  were	  
accompanied	  by	  a	  21%	  increase	  in	  the	  energy	  of	  the	  early	  diastolic	  coronary	  
backward-­‐travelling	  expansion,	  or	  suction,	  wave	  on	  second	  exercise	  (p<0.001),	  
indicating	  improved	  microvascular	  conductance	  and	  enhanced	  LV	  relaxation.	  	  	  
Conclusions	  
On	  repeat	  exercise	  in	  patients	  with	  effort	  angina,	  synergistic	  changes	  in	  the	  systemic	  
and	  coronary	  circulations	  combine	  to	  improve	  vascular-­‐ventricular	  coupling	  and	  
enhance	  myocardial	  perfusion,	  thereby	  contributing	  to	  the	  warm-­‐up	  effect.	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5.2 Background	  
The	  variable	  relation	  between	  exercise	  and	  angina	  has	  been	  recognised	  for	  more	  
than	  200	  years2.	  The	  terms	  “first	  effort”,	  “warm-­‐up”,	  or	  “first-­‐hole”	  angina,	  have	  
been	  used	  to	  describe	  the	  ability	  of	  patients	  to	  exercise	  to	  angina,	  rest,	  and	  then	  
continue	  exertion	  with	  reduced	  symptoms100.	  In	  the	  experimental	  setting,	  the	  salient	  
observation	  is	  that	  at	  the	  accumulated	  external	  work	  causing	  maximum	  ST-­‐segment	  
depression	  and	  chest	  pain	  on	  first	  exercise,	  on	  second	  exercise	  there	  is	  less	  ST	  
depression,	  chest	  pain	  and	  dysrhythmia101.	  	  During	  effort,	  coronary	  microvascular	  
resistance	  adapts	  to	  match	  the	  increase	  in	  coronary	  blood	  flow	  to	  the	  higher	  oxygen	  
consumption	  associated	  with	  the	  increase	  in	  heart	  rate69,	  336.	  With	  the	  onset	  of	  effort	  
angina,	  the	  adaptation	  of	  the	  microvasculature	  is	  exhausted	  and	  resistance	  is	  
thought	  to	  be	  near	  minimal,	  beyond	  the	  culprit	  coronary	  stenosis37,	  60.	  	  It	  is	  therefore	  
surprising	  that	  symptoms	  and	  signs	  of	  myocardial	  ischaemia	  can	  improve	  on	  second	  
effort.	  Thus,	  the	  phenomenon	  of	  warm-­‐up	  angina	  was	  an	  enigma	  that	  attracted	  the	  
attention	  of	  early	  pioneers	  of	  physiological	  investigation	  in	  the	  cardiac	  
catheterisation	  laboratory101-­‐104,	  115,	  140,	  337.	  	  These	  early	  studies	  used	  relatively	  
insensitive	  techniques	  such	  as	  coronary	  sinus	  thermodilution	  to	  estimate	  coronary	  
blood	  flow	  and	  failed	  to	  reach	  a	  definitive	  conclusion.	  	  More	  recently,	  the	  warm	  up	  
phenomenon	  was	  proposed	  to	  be	  a	  manifestation	  of	  ischaemic	  preconditioning109,	  
but	  this	  theory	  was	  refuted	  by	  subsequent	  studies116,	  338.	  	  Most	  recently,	  it	  has	  been	  
suggested	  that	  warm	  up	  results	  from	  reduction	  in	  the	  overall	  amplitude	  of	  the	  
central	  aortic	  pressure	  waveform	  that	  has	  been	  documented	  following	  exercise	  in	  
healthy	  volunteers88,	  339.	  	  However	  such	  changes,	  while	  reducing	  afterload,	  would	  be	  
expected	  to	  compromise	  myocardial	  perfusion	  in	  the	  presence	  of	  a	  flow-­‐limiting	  
coronary	  stenosis	  through	  a	  reduction	  in	  the	  coronary	  driving	  pressure.	  	  
Warm-­‐up	  angina	  is	  not	  a	  mere	  intellectual	  curiosity	  since	  it	  is	  observed	  in	  patients	  
taking	  standard	  anti-­‐anginal	  medication98,	  102	  and	  reduces	  ischaemic	  dysrhythmia	  as	  
well	  as	  chest	  discomfort	  and	  ST	  segment	  depression97.	  Therefore,	  if	  its	  underlying	  
mechanism	  could	  be	  better	  understood	  and	  mimicked,	  further	  therapeutic	  strategies	  
could	  be	  developed.	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The	  purpose	  of	  the	  present	  study	  was	  to	  clarify	  these	  controversies	  by	  invasive	  
measurement	  of	  aortic	  pressure	  and	  distal	  coronary	  pressure	  and	  flow	  velocity	  
during	  serial	  exertion	  in	  patients	  with	  coronary	  artery	  disease	  causing	  angina.	  	  
5.3 Methods	  
5.3.1 Study	  Patients	  
27	  Patients	  were	  recruited	  from	  routine	  waiting	  lists	  for	  percutaneous	  coronary	  
intervention	  (PCI)	  with	  symptoms	  of	  exertional	  angina	  pectoris	  and	  a	  positive	  
exercise	  treadmill	  stress	  test	  (ETT).	  Exclusion	  criteria	  were	  unstable	  symptoms,	  
previous	  myocardial	  infarction/CABG,	  impaired	  left	  ventricular	  (LV)	  function,	  severe	  
co-­‐morbidities,	  paced	  rhythm	  or	  bundle	  branch	  block	  on	  ECG	  or	  inability	  to	  
undertake	  exercise.	  Patients	  with	  chronic	  total	  occlusions	  or	  significant	  visible	  
collateral	  vessels	  (Rentrop	  Class	  3+)	  were	  not	  included.	  Oral	  nitrate	  preparations,	  
calcium	  channel	  blockers	  and	  beta-­‐blockers	  were	  stopped	  at	  least	  48	  hours	  before	  
the	  procedure.	  
5.3.2 Catheter	  laboratory	  protocol	  
A	  specially	  adapted	  supine	  cycle	  ergometer	  (Ergosana®,	  Germany)	  that	  allows	  a	  
standardized	  incremental	  increase	  in	  workload	  was	  attached	  to	  the	  catheter	  lab	  
table.	  Patients	  were	  catheterized	  via	  the	  right	  radial	  artery	  using	  a	  standard	  6F	  
arterial	  sheath.	  Weight	  adjusted	  heparin	  was	  administered	  (70u/kg)	  intra-­‐arterial.	  	  
Right	  and	  left	  coronary	  angiograms	  were	  then	  taken	  using	  standard	  diagnostic	  
catheters.	  Intracoronary	  nitrates	  were	  not	  used.	  A	  standard	  6F-­‐guiding	  catheter	  was	  
then	  introduced	  and	  positioned	  in	  the	  aortic	  root.	  A	  dual	  sensor	  pressure-­‐velocity	  
0.014”	  intracoronary	  wire	  (Combowire®,	  Volcano	  Corp.®,	  USA)240	  was	  then	  
connected	  to	  the	  ComboMap®	  console	  (Volcano®	  Corp.	  USA)	  and	  positioned	  at	  the	  
tip	  of	  the	  guide.	  A	  single	  sensor	  0.014”	  pressure	  wire	  (Brightwire®,	  Volcano	  Corp.®,	  
USA)	  was	  connected	  to	  the	  ComboMap	  via	  an	  analogue	  transducer	  (SmartMap®,	  
Volcano	  Corp.	  ®,	  USA)	  to	  provide	  a	  high	  fidelity	  pressure	  signal	  (Pa)	  that	  was	  
normalized	  against	  aortic	  pressure	  measured	  through	  the	  guiding	  catheter.	  The	  
pressure	  wire	  was	  then	  positioned	  alongside	  the	  Combowire	  at	  the	  tip	  of	  the	  guide	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and	  the	  pressure	  	  (Pd)	  on	  the	  Combowire	  was	  normalized	  to	  the	  pressure	  wire	  signal.	  
The	  guide	  was	  then	  inserted	  into	  the	  coronary	  ostium	  and	  the	  Combowire	  advanced	  
distal	  to	  the	  stenosis	  in	  the	  target	  coronary	  artery	  and	  manipulated	  until	  a	  good	  
Doppler	  velocity	  trace	  was	  obtained.	  At	  this	  point,	  the	  guide	  was	  disengaged	  and	  the	  
pressure	  wire	  was	  passed	  into	  the	  aortic	  root	  and	  a	  stable	  pressure	  signal	  obtained.	  
All	  signals	  were	  sampled	  at	  200	  Hz	  and	  stored	  on	  disk	  for	  off-­‐line	  analysis.	  The	  data	  
were	  imported	  into	  the	  custom-­‐made	  Studymanager	  program	  (Academic	  Medical	  
Center,	  University	  of	  Amsterdam,	  The	  Netherlands)	  and	  20	  consecutive	  beats	  
showing	  good	  velocity	  signals	  were	  extracted	  from	  each	  minute	  of	  exercise	  and	  
recovery.	  Averaged	  signals	  over	  each	  of	  these	  time	  periods	  were	  used	  in	  further	  
analyses.	  	  
5.3.3 Exercise	  protocol	  
Once	  wires	  were	  in	  place	  with	  good	  quality	  and	  stable	  signals,	  baseline	  
measurements	  were	  taken	  before	  the	  patient	  underwent	  2	  periods	  of	  exercise.	  The	  
exercise	  protocol	  was	  a	  standardized	  incremental	  programme340	  based	  on	  the	  
patient’s	  weight	  and	  age,	  typically	  starting	  at	  25W	  and	  increasing	  by	  20W	  each	  
minute.	  Exercise	  was	  continued	  until	  any	  of	  the	  following	  occurred,	  1)	  ST	  depression	  
>3mm,	  2)	  maximal	  age-­‐related	  heart	  rate,	  3)	  severe	  chest	  pain,	  4)	  physical	  
exhaustion,	  5)	  occurrence	  of	  detrimental	  effects	  such	  as	  hypotension,	  severe	  
arrhythmia	  or	  dyspnoea.	  	  Coronary	  flow	  velocity	  and	  pressure,	  ECG,	  and	  central	  
arterial	  pressure	  	  signals	  were	  recorded	  continuously	  throughout	  exercise	  and	  
recovery.	  After	  5	  minutes	  of	  recovery,	  or	  after	  resting	  measurements	  approached	  
baseline,	  the	  exercise	  protocol	  was	  repeated.	  At	  the	  end	  of	  the	  study	  protocol	  the	  
patient	  underwent	  their	  planned	  percutaneous	  revascularization	  procedure.	  	  The	  full	  
experimental	  protocol	  is	  illustrated	  in	  Figure	  50	  below.	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The	  study	  protocol	  was	  approved	  by	  the	  local	  research	  ethics	  committee	  
(08/H0802/136)	  and	  all	  participants	  were	  provided	  a	  detailed	  information	  sheet	  
prior	  to	  obtaining	  informed	  consent.	  	  
5.3.5 Data	  Analysis	  
All	  patients	  had	  continuous	  12-­‐lead	  ECG	  monitoring	  throughout	  exercise	  that	  was	  
analyzed	  in	  a	  blinded	  fashion,	  off-­‐line.	  The	  exercise	  test	  was	  considered	  positive	  at	  
first	  appearance	  of	  1mm	  (0.1	  mV)	  ST-­‐segment	  depression	  (STD)	  80ms	  after	  the	  J	  
point	  compared	  with	  the	  resting	  ECG	  just	  prior	  to	  exercise.	  	  The	  time	  of	  onset	  of	  ECG	  
changes	  signifying	  exercise	  test	  positivity	  and	  the	  corresponding	  heart	  rate-­‐central	  
systolic	  blood	  pressure	  product	  (RPP)	  were	  noted.	  	  
Central	  arterial	  pressure	  waveforms	  were	  obtained	  from	  the	  pressure	  sensor-­‐tipped	  
guide	  wire	  positioned	  in	  the	  aortic	  root.	  A	  typical	  aortic	  pressure	  waveform	  is	  shown	  
in	  Figure	  51A.	  	  Pulse	  wave	  analysis	  was	  performed	  using	  custom-­‐made	  programs	  
(Matlab™	  ,The	  MathWorksInc®,	  USA).	  	  Augmentation	  index	  (AI),	  a	  measure	  of	  central	  
systolic	  blood	  pressure	  augmentation	  thought	  to	  arise	  from	  pressure-­‐wave	  
reflection,	  was	  calculated	  as	  the	  difference	  between	  the	  second	  (P2)	  and	  first	  (P1)	  
peaks	  expressed	  as	  a	  percentage	  of	  the	  pulse	  pressure	  (PP).	  Timing	  of	  the	  reflected	  
pressure	  wave	  (TR)	  was	  determined	  as	  the	  time	  between	  the	  foot	  of	  the	  pressure	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wave	  (TF)	  and	  the	  inflection	  point	  (Pi).	  The	  area	  under	  the	  aortic	  systolic,	  or	  tension	  
time	  index	  (TTI),	  and	  diastolic,	  or	  diastolic	  time	  index	  (DTI),	  portions	  of	  the	  pressure	  
trace	  were	  determined	  using	  the	  dichrotic	  notch	  (see	  Figure	  51A).	  	  
	  
Figure	  51. Panel	  A	  shows	  a	  typical	  pressure	  waveform	  at	  rest	  recorded	  from	  the	  ascending	  
aorta	  in	  a	  healthy	  middle-­‐aged	  man.	  Two	  systolic	  peaks	  are	  labelled	  P1	  and	  P2.	  The	  area	  
under	  the	  curve	  (AUC)	  during	  systole	  is	  the	  tension	  time	  index	  (TTI),	  and	  AUC	  during	  diastole	  
is	  diastolic	  time	  index	  (DTI).	  TR	  is	  defined	  as	  the	  time	  between	  the	  foot	  of	  the	  wave	  (TF)	  and	  
the	  inflection	  point	  (Pi).	  Panel	  B	  shows	  an	  example	  of	  an	  aortic	  pressure	  trace	  from	  one	  of	  
the	  subjects	  taken	  at	  the	  peak	  equivalent	  time	  point	  showing	  the	  striking	  change	  in	  wave	  
morphology	  between	  Ex1	  and	  Ex2,	  with	  a	  reduction	  in	  the	  overall	  amplitude	  of	  the	  wave	  and	  
specifically	  a	  marked	  reduction	  in	  pressure	  augmentation.	  
The	  TTI	  relates	  to	  myocardial	  oxygen	  demand341	  and	  DTI	  to	  coronary	  perfusion94.	  The	  
rate	  pressure	  product	  (RPP)	  was	  determined	  from	  central	  systolic	  blood	  pressure	  
multiplied	  by	  heart	  rate.	  Left	  ventricular	  ejection	  time	  (LVET)	  was	  measured	  from	  the	  
upstroke	  of	  the	  arterial	  tracing	  until	  the	  trough	  of	  the	  dicrotic	  notch.	  	  	  Mean	  
coronary	  blood	  flow	  velocity	  (U)	  was	  determined	  from	  the	  Doppler	  signal	  distal	  to	  
the	  coronary	  stenosis.	  The	  pressure	  drop	  across	  the	  coronary	  stenosis	  (ΔP)	  was	  
determined	  from	  the	  mean	  aortic	  and	  distal	  coronary	  pressures	  (Pa-­‐Pd).	  From	  these	  
data,	  an	  index	  of	  microvascular	  resistance	  (MR)	  was	  calculated	  as	  Pd/U41	  and	  an	  
index	  of	  coronary	  stenosis	  resistance	  (SR)	  was	  calculated	  as	  ΔP/U240.	  
Wave	  intensity	  represents	  the	  rate	  of	  energy	  per	  unit	  area	  transported	  by	  travelling	  
waves	  in	  arteries	  and	  is	  derived	  from	  phasic	  changes	  in	  local	  pressure	  and	  flow	  
velocity253.	  In	  coronary	  vessels,	  backward	  travelling	  waves	  are	  generated	  by	  cardiac	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contraction	  and	  relaxation	  at	  the	  downstream	  end,	  and	  forward	  travelling	  waves	  
arise	  from	  changes	  in	  aortic	  pressure	  at	  the	  inlet245,	  254,	  342.	  Coronary	  wave	  intensity	  
hence	  reflects	  the	  interactive	  effects	  of	  cardiac	  mechanics	  and	  coronary	  
conductance	  on	  coronary	  haemodynamics342.	  	  Wave	  intensity	  analysis	  was	  
performed	  using	  custom-­‐made	  software	  (Delphi,	  Embarcadero,	  San	  Francisco).	  	  The	  
distal	  pressure	  and	  velocity	  signals	  were	  smoothed	  with	  a	  Savitzky-­‐Golay	  filter	  to	  
reduce	  signal	  noise343.	  Net	  coronary	  wave	  intensity	  (dI)	  was	  calculated	  from	  the	  
time-­‐derivatives	  of	  ensemble-­‐averaged	  coronary	  pressure	  and	  flow	  velocity	  as	  dI=	  
dPd/dt	  x	  dU/dt245,	  253.	  	  Since	  the	  aim	  was	  to	  examine	  coronary	  perfusion	  during	  
exercise,	  and	  coronary	  blood	  flow	  is	  predominantly	  diastolic,	  we	  focused	  our	  
investigation	  on	  the	  flow-­‐accelerating	  wave	  at	  the	  onset	  of	  diastole,	  the	  so-­‐called	  
backward	  expansion	  wave	  (BEW);	  generated	  by	  relaxation	  of	  the	  myocardium	  that	  
sucks	  blood	  back	  into	  microvascular	  space245,	  342.	  The	  energy	  carried	  by	  the	  BEW	  (in	  
J.m-­‐2.sec-­‐2	  x103)	  was	  obtained	  by	  the	  area	  under	  the	  wave	  and	  normalized	  for	  the	  
sampling	  interval.	  	  The	  investigators	  who	  performed	  the	  data	  analyses	  were	  blinded	  
to	  the	  sequence	  of	  the	  exercise	  tests	  and	  to	  the	  coronary	  anatomy.	  
5.3.6 Statistical	  Analysis	  
Continuous	  data	  are	  presented	  as	  means	  ±	  SEM.	  The	  study	  was	  powered	  to	  ensure	  
there	  were	  a	  sufficient	  number	  of	  patients	  to	  observe	  a	  robust	  warm	  up	  effect	  on	  
second,	  compared	  to	  first,	  exertion.	  This	  was	  required	  as	  a	  firm	  foundation	  from	  
which	  to	  observe	  associated	  hemodynamic	  change.	  The	  calculation	  was	  based	  on	  
paired	  t-­‐tests	  within	  subjects,	  using	  an	  anticipated	  difference	  of	  50	  seconds	  between	  
Ex1	  compared	  to	  Ex2,	  with	  a	  standard	  deviation	  of	  27,	  based	  on	  previous	  research97.	  
This	  gave	  a	  sample	  size	  of	  15	  subjects	  with	  complete	  data	  to	  achieve	  99%	  power	  with	  
a	  probability	  of	  a	  Type	  1	  error	  of	  0.001.	  We	  felt	  it	  necessary	  to	  achieve	  at	  least	  this	  
level	  of	  power	  since	  it	  was	  likely	  multiple	  hemodynamic	  variables	  contributed	  to	  the	  
warm	  up	  effect	  and	  their	  variance	  was	  possibly	  greater	  than	  that	  of	  the	  ST-­‐segment.	  
Paired	  Student’s	  t-­‐tests	  were	  used	  as	  indicated.	  Systemic	  and	  coronary	  parameters	  
were	  compared	  between	  the	  first	  and	  second	  exertions	  sessions	  at	  each	  of	  4	  
common	  time	  points:	  baseline	  (tbaseline),	  1	  minute	  (t1min),	  50%	  of	  time	  to	  peak	  RPP	  
(t50%)	  and	  time	  of	  peak	  RPP	  (tpeak)	  during	  first	  exertion.	  Repeated	  measures	  analysis	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of	  variance	  (ANOVA)	  with	  2	  within-­‐subject	  factors	  (exercise	  and	  time)	  were	  used	  to	  
compare	  the	  common	  time	  points	  between	  exercise	  exertions	  and	  evaluate	  the	  main	  
time	  trends	  across	  exercise	  periods	  (IBM®	  SPSS®	  Statistics,	  Version	  19).	  If	  the	  overall	  
test	  for	  the	  main	  effect	  of	  exercise	  exertion	  reached	  significance	  in	  the	  ANOVA,	  we	  
evaluated	  each	  separate	  time	  point	  with	  paired	  t-­‐tests.	  We	  did	  not	  apply	  any	  
correction	  for	  multiple	  comparisons,	  in	  order	  to	  reduce	  the	  chance	  of	  missing	  
significant	  associations	  in	  this	  exploratory	  study	  (Type	  II	  error)344.	  The	  sphericity	  
assumption,	  which	  equates	  to	  a	  compound	  symmetry	  correlation	  structure,	  was	  
used	  with	  the	  repeated	  measures	  ANOVA	  (IBM®	  SPSS®	  Statistics,	  Version	  19).	  
Mauchly’s	  test	  of	  sphericity	  was	  used	  to	  confirm	  the	  sphericity	  assumption.	  
Relationships	  between	  variables	  were	  investigated	  with	  the	  Pearson	  correlation	  
coefficient.	  P-­‐values	  were	  two-­‐sided	  and	  values	  of	  p<0.05	  were	  considered	  
significant.	  	  
5.4 Results	  
Out	  of	  27	  patients	  who	  were	  consented	  into	  the	  study	  16	  (15	  male,	  aged	  61±8.9	  
years	  old)	  successfully	  completed	  the	  full	  protocol.	  Reasons	  for	  exclusion	  were:	  4	  
were	  found	  to	  have	  left	  main	  stem	  or	  severe	  3-­‐vessel	  disease	  on	  initial	  angiography;	  
2	  were	  found	  to	  have	  chronic	  total	  occlusions;	  in	  2	  patients	  radial	  arterial	  access	  was	  
unsuccessful;	  1	  patient	  developed	  RBBB	  during	  exercise	  (precluding	  ECG	  analysis);	  1	  
patient	  was	  unable	  to	  cycle;	  1	  patient	  developed	  myocardial	  ischaemia	  very	  early	  
during	  first	  exertion	  and	  the	  ECG	  was	  slow	  to	  return	  to	  baseline.	  Full	  background	  
demographics	  and	  procedural	  details	  are	  shown	  in	  Table	  11.	  	  	  
Patients	  exercised	  for	  382±27	  seconds	  during	  exertion	  1	  (Ex1)	  and	  for	  405±28	  
seconds	  during	  exertion	  2	  (Ex2),	  p=0.08.	  The	  details	  of	  exercise	  performance	  are	  
summarized	  in	  Table	  13	  below.	  The	  maximum	  external	  workload	  attained	  was	  
similar	  for	  both	  efforts.	  15	  out	  of	  the	  16	  patients	  (93%)	  reached	  1mm	  ST-­‐segment	  
depression	  (STD)	  during	  both	  periods	  of	  exercise.	  	  Time	  to	  1mm	  STD	  was	  53±14	  
seconds	  longer	  in	  Ex2	  than	  Ex1	  (p=0.003)	  confirming	  warm-­‐up.	  In	  addition,	  the	  rate	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pressure	  product	  (RPP)	  at	  1mm	  STD	  was	  12%	  higher	  for	  Ex2	  than	  Ex1	  (p=0.025)	  also	  
consistent	  with	  a	  warm-­‐up	  effect.	  
	  Outcomes	  of	  haemodynamic	  variables	  are	  summarized	  in	  Table	  13	  below.	  Despite	  
waiting	  8±1.3	  minutes	  for	  return	  to	  baseline	  after	  Ex1,	  heart	  rate	  (HR)	  was	  higher	  at	  
the	  start	  of	  Ex2	  (p<0.0001),	  while	  initial	  central	  systolic	  blood	  pressure	  (SBP)	  was	  not	  
different.	  The	  RPP	  was	  correspondingly	  elevated	  at	  the	  onset	  of	  Ex2	  compared	  to	  
Ex1	  (p<0.01),	  although	  it	  was	  not	  different	  at	  tpeak.	  With	  increasing	  HR	  there	  was	  a	  
corresponding	  rise	  in	  SBP	  during	  both	  exercise	  periods,	  with	  a	  fall	  in	  left	  ventricular	  
ejection	  time	  (LVET)	  and	  augmentation	  index	  (AI).	  At	  tpeak	  SBP	  was	  lower	  in	  Ex2	  than	  
in	  Ex1	  (p<0.001),	  while	  LVET	  was	  reduced	  throughout	  Ex2	  even	  after	  accounting	  for	  
the	  increase	  in	  HR	  (p=0.0009).	  	  
DEMOGRAPHICS	  (N=16)	   	  
Male	  (%)	   15	  (94)	  
Age	   61	  ±	  8.9	  years	  
Previous	  PCI	  (%)	   4	  	  (25)	  
Previous	  MI	  (%)	   0	  (0)	  
LVEF	   65±10%	  
Diabetes	  Mellitus(%)	   5	  (31)	  
Hypertension	  (%)	   8	  (50)	  
Dyslipidaemia	  (%)	   10	  (62)	  
Family	  Hx	  IHD	  (%)	   8	  (50)	  
Smokers	  (%)	   4	  (25)	  
Betablockers	  (%)	   11	  (68)	  
Nitrates	  (%)	   8	  (50)	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Statin	  (%)	   14	  (88)	  
ACEi	  (%)	   10	  (62)	  
Aspirin	  (%)	   16	  (100)	  
Clopidogrel	  (%)	   15	  (93)	  
Table	  11. Baseline	  characteristics,	  demographics	  and	  procedural	  details.	  PCI	  =	  percutaneous	  
coronary	  intervention;	  MI	  =	  myocardial	  infarction;	  LVEF	  =	  left	  ventricular	  ejection	  fraction;	  IHD	  =	  
ischaemic	  heart	  disease.	  
We	  also	  observed	  a	  33%	  reduction	  in	  augmentation	  index	  (AI)	  throughout	  Ex2	  
compared	  to	  Ex1	  (p<0.0001)	  and	  augmentation	  pressure	  was	  correspondingly	  
reduced	  (p<0.0001),	  also	  see	  Figure	  51B.	  Moreover,	  the	  degree	  of	  warm-­‐up	  in	  Ex2	  
was	  associated	  with	  the	  change	  in	  AI,	  such	  that	  a	  larger	  reduction	  in	  AI	  during	  Ex2	  
corresponded	  with	  a	  greater	  increment	  in	  RPP	  at	  1mm	  STD	  (Pearson	  r=0.63	  95%CI	  
0.15-­‐0.87,	  p=0.016).	  	  TR,	  representing	  the	  time	  for	  the	  reflected	  wave	  to	  return	  to	  
the	  heart,	  fell	  with	  exercise	  and	  remained	  shorter	  throughout	  Ex2	  compared	  to	  Ex1	  
(p<0.0001).	  Despite	  the	  increase	  in	  systolic	  blood	  pressure	  during	  each	  exertion,	  
tension	  time	  index	  (TTI),	  a	  surrogate	  of	  myocardial	  oxygen	  demand,	  did	  not	  change	  
due	  to	  the	  decrement	  in	  pressure	  augmentation	  and	  the	  changes	  in	  LVET.	  However,	  
TTI	  was	  consistently	  lower	  during	  Ex2	  (p<0.0001).	  In	  contrast,	  diastolic	  time	  index	  
(DTI)	  fell	  during	  both	  periods	  with	  increasing	  exercise	  intensity.	  At	  the	  onset	  of	  Ex2,	  
the	  DTI	  was	  markedly	  lower	  than	  at	  the	  start	  of	  Ex1	  (p<0.0001),	  although	  this	  can	  
probably	  be	  accounted	  for	  by	  the	  differences	  in	  HR.	  	  Full	  physiological	  parameters	  
recorded	  during	  the	  consecutive	  exercise	  periods	  are	  detailed	  in	  Table	  14	  below.	  
We	  observed	  a	  progressive	  fall	  in	  microvascular	  resistance	  (MR)	  during	  Ex1	  (p<0.05)	  
with	  a	  concomitant	  27%	  increase	  in	  coronary	  flow	  velocity	  (p=0.008).	  See	  Figure	  54.	  	  
Despite	  the	  resulting	  trend	  towards	  a	  higher	  pressure	  drop	  across	  the	  stenosis	  (ΔP)	  
during	  exertions,	  Pd	  actually	  increased,	  which	  can	  be	  explained	  by	  the	  overall	  
increase	  in	  mean	  aortic	  pressure	  (p<0.001).	  	  In	  Ex2	  the	  main	  finding	  was	  that	  MR	  was	  
consistently	  lower	  (p<0.001)	  resulting	  in	  a	  16%	  increase	  in	  average	  coronary	  flow	  
velocity	  (p<0.05)	  compared	  to	  Ex1.	  The	  increased	  flow	  velocity	  in	  Ex2	  resulted	  in	  a	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corresponding	  increase	  in	  ΔP	  (p=0.0001)	  and	  fall	  in	  Pd	  (p<0.005)	  compared	  to	  Ex1.	  
Stenosis	  resistance	  (SR)	  was	  not	  different	  between	  the	  two	  exercise	  periods	  
suggesting	  no	  change	  in	  functional	  stenosis	  severity.	  
PROCEDURAL	  DETAILS	  
No.	  of	  diseased	  vessels	  per	  pt	   1.6	  ±	  0.7	  
	  %	  stenosis	  of	  target	  lesion	   74.6	  ±	  18.6	  	  
Target	  lesions	  undergoing	  PCI	  (%)	   12	  (70)	  
Target	  Vessel	  (LAD/Cx/RCA)	   9/1/6	  
Duration	  of	  procedure	  (mins)	   67	  ±	  12	  
Table	  12. Procedural	  details	  of	  the	  study	  patients	  in	  the	  catheterisation	  lab;	  LAD	  =left	  anterior	  
descending	  artery;	  Cx	  =	  circumflex	  artery;	  RCA	  =	  right	  coronary	  artery.	  Data	  are	  presented	  as	  
mean	  ±SD.	  
Eleven	  out	  of	  the	  16	  datasets	  were	  suitable	  for	  WIA	  due	  to	  irregular	  velocity	  
waveforms	  caused	  by	  motion	  artifacts	  during	  exercise,	  but	  there	  were	  no	  differences	  
in	  characteristics	  compared	  to	  the	  overall	  patient	  group.	  The	  energy	  of	  all	  four	  
dominant	  waves	  increased	  during	  each	  exercise	  from	  baseline	  to	  peak.	  	  See	  Table	  15	  
below.	  	  There	  was	  an	  overall	  increase	  in	  the	  flow	  accelerating	  waves,	  the	  backward	  
expansion	  wave	  (BEW)	  and	  forward	  compression	  wave	  (FCW),	  during	  exercise	  2	  
(p=0.001),	  driven	  by	  a	  21%	  increase	  in	  the	  energy	  of	  the	  microcirculatory-­‐originating	  
backward	  travelling	  BEW,	  or	  suction	  wave	  during	  Ex2	  (p<0.001).	  There	  was	  also	  a	  
small	  increase	  in	  the	  flow	  decelerating	  waves,	  the	  FEW	  (forward	  expansion	  wave)	  
and	  BCW	  (backward	  compression	  wave)	  during	  exercise	  2.	  This	  was	  largely	  driven	  by	  
the	  increase	  in	  the	  BCW,	  a	  manifestation	  of	  increased	  left	  ventricular	  contractility	  
(p<0.05).	  There	  was	  no	  difference	  found	  between	  Ex1	  and	  Ex2	  for	  the	  FEW.	  	  Some	  of	  
these	  changes	  are	  illustrated	  in	  Figure	  55	  below,	  especially	  the	  notable	  increase	  in	  
the	  size	  of	  the	  BEW	  on	  second	  exercise.	  As	  might	  be	  predicted	  the	  changes	  in	  the	  
energy	  of	  the	  BEW	  were	  significantly	  related	  to	  the	  concomitant	  fall	  in	  MR	  between	  
Ex1	  and	  Ex2	  (Pearson	  r	  =0.46	  95%	  CI	  0.14-­‐0.69,	  p=0.0068).	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Figure	  52. Illustrating	  an	  example	  of	  flow	  velocity	  and	  pressure	  signals	  collected	  at	  baseline	  
and	  at	  peak	  equivalent	  workload	  during	  Exercise.1	  and	  Exercise	  2	  from	  a	  sample	  patient	  with	  
a	  significant	  coronary	  stenosis.	  Pa=	  proximal,	  or	  aortic	  pressure;	  Pd=	  distal	  coronary	  pressure;	  
U=	  coronary	  flow	  velocity	  in	  the	  distal	  coronary	  vessel.	  The	  mean	  flow	  signals	  are	  higher	  in	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   Ex1	   Ex2	   p	  
Duration	  of	  Exercise	  (sec)	   382	  ±	  27	  
	  








Pts	  reaching	  1mm	  STD	  (%)	   15(88)*	   15(88)*	  
	  
	  






cRPP	   at	   1mm	   STD	  







*1	  patient	  not	  included	  as	  went	  into	  RBBB	  during	  exercise	  and	  ECG	  not	  readable	  
§means	  compared	  using	  paired	  Student’s	  t-­‐test  
Table	  13. Performance	  and	  ST	  segment	  change	  on	  first	  (Ex1)	  and	  second	  (Ex2)	  exercise.	  STD=	  
ST-­‐segment	  depression	  on	  electrocardiograph;	  cRPP=	  central	  rate	  pressure	  product	  
	  
5.5 Discussion	  
In	  our	  study	  population	  of	  patients	  with	  severe	  coronary	  disease	  warm-­‐up	  was	  
confirmed	  on	  second	  effort	  (Ex2).	  	  Careful	  analysis	  of	  systemic	  and	  coronary	  
haemodynamics	  during	  first	  and	  second	  exercise	  reveals	  a	  number	  of	  highly	  
significant	  and	  interdependent	  alterations	  that	  likely	  contribute	  to	  this	  effect.	  Most	  
striking	  amongst	  these	  are	  1)	  a	  reduction	  in	  central	  aortic	  pressure	  augmentation,	  
hence	  reducing	  left	  ventricular	  work;	  2)	  a	  reduction	  in	  coronary	  microvascular	  
resistance	  leading	  to	  a	  higher	  coronary	  blood	  flow	  velocity;	  and	  3)	  an	  increased	  flow-­‐
accelerating	  backward	  expansion	  wave	  at	  the	  onset	  of	  diastole,	  reflecting	  the	  
important	  interaction	  of	  cardiac-­‐coronary	  coupling	  and	  microvascular	  conduction	  
with	  respect	  to	  enhancing	  myocardial	  perfusion.	  	  These	  combined	  adaptations	  
synergistically	  served	  to	  alleviate	  the	  imbalance	  between	  myocardial	  demand	  and	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§2-­‐way	  ANOVA	  with	  time	  and	  Exercise	  effort	  the	  main	  factors;	  reported	  p-­‐value	  relates	  to	  the	  significance	  of	  
effort	  on	  the	  variation	  
Chapter	  5.	  Synergistic	  Adaptations	  in	  Warm-­‐up	  Angina	  
	  
	   164	  
Table	  14. Physiological	  parameters	  measured	  during	  the	  two	  exercise	  periods.	  HR	  =	  heart	  rate	  
(bpm);	  cSBP	  =	  central	  systolic	  blood	  pressure	  (mm.Hg);	  cRPP	  =	  central	  rate	  pressure	  product	  
(mmHg.min-­‐1x103);	  LVET	  =	  left	  ventricular	  ejection	  time	  (sec);	  TR	  =	  time	  for	  the	  reflected	  aortic	  
wave	  to	  return	  (sec)	  AI	  =	  augmentation	  index	  (%);	  TTI	  =	  tension	  time	  index	  (mmHg.min-­‐1	  x103);	  
DTI	  =	  diastolic	  time	  index	  (mmHg.min-­‐1	  x103);	  U	  =	  coronary	  flow	  velocity	  (cm.sec-­‐1);	  Pd	  =	  mean	  
distal	  coronary	  pressure	  (mmHg);	  Pa	  =	  mean	  aortic	  pressure	  (mm.Hg);	  MR	  =	  microvascular	  
resistance	  index	  (mmHg.cm-­‐1.sec);	  	  Bonferroni	  post-­‐hoc	  test,	  *p<0.05,	  †P<0.001,	  ‡p<0.0001	  
against	  corresponding	  time	  point	  during	  first	  effort.	  	  
	  
N=11	   	   tbaseline	   t1min	   t50%	   tpeak	   p§	  






































































§2-­‐way	  ANOVA	  with	  time	  and	  Exercise	  effort	  the	  main	  factors;	  reported	  p-­‐value	  relates	  to	  the	  significance	  of	  
effort	  on	  the	  variation	  
Table	  15. Full	  data	  from	  the	  wave	  intensity	  analysis	  (WIA)	  displaying	  the	  net	  wave	  energy	  in	  
J.m-­‐2.sec-­‐2	  x103.	  All	  waves	  increased	  with	  exercise	  and	  there	  was	  an	  overall	  increase	  in	  the	  flow	  
accelerating	  waves,	  the	  BEW	  (backward	  expansion	  wave)	  and	  FCW	  (forward	  compression	  wave),	  
during	  exercise	  2,	  driven	  by	  a	  significant	  increase	  in	  the	  energy	  of	  the	  microcirculatory-­‐derived	  
BEW	  in	  particular.	  There	  was	  also	  a	  small	  increase	  in	  the	  flow	  decelerating	  waves,	  the	  FEW	  
(forward	  expansion	  wave)	  and	  BCW	  (backward	  compression	  wave)	  during	  exercise	  2.	  This	  was	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Figure	  53. Systemic	  parameters	  derived	  from	  aortic	  pressure	  at	  different	  time	  points	  for	  Ex1	  
and	  Ex2.	  Heart	  rate	  (HR)	  and	  central	  systolic	  blood	  pressure	  (SBP)	  increase	  during	  each	  
exercise	  period.	  At	  the	  time	  of	  peak	  exertion	  during	  Ex1,	  SBP	  is	  lower	  in	  Ex2.	  Overall	  there	  is	  
no	  change	  in	  rate	  pressure	  product	  (RPP)	  between	  Ex1	  and	  Ex2.	  A	  reduction	  in	  augmentation	  
index	  (AI)	  and	  left	  ventricular	  ejection	  time	  (LVET)	  during	  Ex2	  results	  in	  a	  reduction	  in	  tension	  
time	  index	  (TTI),	  which	  is	  lower	  throughout	  Ex2.	  For	  the	  same	  reason	  there	  is	  also	  a	  fall	  in	  
diastolic	  time	  index	  (DTI)	  at	  the	  beginning	  of	  Ex2;	  TR	  	  is	  the	  time	  for	  the	  reflected	  aortic	  wave	  
to	  return	  and	  is	  consistently	  faster	  in	  Ex2	  suggesting	  increased	  wave	  speed.	  *p<0.05,	  
†P<0.001,	  ‡p<0.0001.	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Figure	  54. Coronary	  parameters	  at	  different	  time	  points	  for	  Ex1	  and	  Ex2.	  In	  response	  to	  the	  
increased	  myocardial	  oxygen	  demand	  during	  exercise,	  coronary	  flow	  velocity	  (U)	  increases	  
due	  to	  a	  fall	  in	  microvascular	  resistance	  (MR).	  Despite	  the	  resulting	  larger	  pressure	  gradient	  
(ΔP)	  across	  the	  stenosis,	  distal	  perfusion	  pressure	  (Pd)	  a	  slight	  increase;	  most	  likely	  due	  to	  the	  
increasing	  mean	  aortic	  pressure.	  	  At	  the	  end	  of	  Ex1,	  MR	  continues	  to	  fall,	  persisting	  through	  
recovery	  and	  remaining	  low	  throughout	  Ex2,	  with	  a	  consequential	  increase	  in	  coronary	  flow	  
velocity	  and	  ΔP	  in	  Ex2.	  As	  a	  result,	  Pd	  is	  slightly	  lower	  in	  Ex2.	  With	  wave	  intensity	  analysis	  
(WIA)	  the	  energy	  of	  the	  net	  backward	  expansion	  wave	  (BEW)	  is	  greater	  on	  Ex2,	  suggesting	  
increased	  microvascular	  dilatation	  and	  enhanced	  LV	  relaxation.	  	  *p<0.05,	  †P<0.001,	  
‡p<0.0001.	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Coronary	  Blood	  Flow	  and	  Oxygen	  Consumption	  
Conceptually	  and	  physiologically	  it	  is	  unlikely	  that	  increased	  antegrade	  blood	  flow	  
alone	  is	  responsible	  for	  the	  beneficial	  adaptations	  seen	  with	  warm-­‐up103,	  104,	  345.	  
Warm-­‐up	  is	  also	  unexplained	  by	  the	  recruitment	  of	  collateral	  vessels97.	  Instead,	  it	  
has	  been	  suggested	  that	  warm-­‐up	  is	  due	  to	  attenuation	  of	  increased	  regional	  
myocardial	  oxygen	  consumption	  (MVO2),	  possibly	  mediated	  by	  adenosine	  A1	  
receptor	  activation,	  a	  signaling	  system	  known	  to	  improve	  tolerance	  to	  ischaemia346.	  	  
Bogaty	  et	  al.,	  however,	  were	  neither	  able	  to	  demonstrate	  a	  role	  for	  the	  adaptive	  
down	  regulation	  of	  regional	  myocardial	  contractile	  function	  during	  exercise,	  nor	  for	  
adenosine-­‐initiated	  adaptation	  in	  patients	  with	  warm-­‐up	  angina115,	  116.	  	  Our	  findings	  
suggest	  reduced	  myocardial	  work	  during	  Ex2,	  with	  a	  reduced	  RPP	  and	  TTI	  at	  the	  time	  
point	  of	  1mm	  STD	  during	  Ex1;	  both	  TTI	  and	  RPP	  are	  known	  determinants	  of	  
myocardial	  oxygen	  consumption.	  	  
	  
Figure	  55. Coronary	  net	  wave	  intensity	  (dI)	  and	  the	  corresponding	  forward	  and	  backward	  
contributions	  taken	  at	  peak	  equivalent	  exercise	  from	  one	  of	  the	  study	  subjects.	  The	  coronary	  
pressure	  (Pd)	  and	  flow	  velocity	  (U)	  waveforms	  used	  to	  calculate	  dI	  are	  shown	  on	  top.	  BCW	  
and	  BEW	  (1	  and	  4)	  come	  from	  the	  microcirculation;	  FCW	  and	  FEW	  (2	  and	  3)	  come	  from	  the	  
coronary	  ostium.	  The	  marked	  increase	  in	  energy	  of	  the	  BEW	  (4)	  during	  Ex2	  compared	  to	  Ex1	  
can	  be	  seen.	  	  
	  
Arterial	  Vasodilation	  and	  Changes	  in	  LV	  Afterload	  
The	  exercised-­‐induced	  change	  to	  the	  aortic	  pressure	  waveform	  seen	  in	  the	  present	  
study,	  i.e.	  reduced	  pressure	  augmentation,	  is	  consistent	  with	  previous	  studies347,	  348,	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349.	  It	  results	  from	  reduced	  peripheral	  wave	  reflection	  due	  to	  vasodilation	  of	  the	  
systemic	  muscular	  arteries88,	  95.	  	  At	  the	  equivalent	  time	  point	  at	  peak	  exercise	  in	  Ex2,	  
the	  augmentation	  index	  was	  33%	  lower	  than	  in	  Ex1.	  These	  changes	  are	  also	  
consistent	  with	  more	  recent	  studies	  in	  healthy	  volunteers,	  where	  exercise	  provoked	  
a	  prolonged	  reduction	  in	  pressure	  augmentation	  that	  persisted	  for	  up	  to	  60	  minutes	  
into	  recovery	  despite	  stroke	  volume	  and	  carotid-­‐femoral	  pulse	  wave	  velocity	  
returning	  to	  baseline14.	  	  This	  is	  a	  similar	  time-­‐scale	  to	  the	  persistence	  of	  the	  warm-­‐up	  
effect	  seen	  after	  first	  exertion	  in	  other	  studies97,	  101,	  140.	  In	  the	  study	  by	  Munir	  et	  al.88,	  
the	  reduction	  in	  pressure	  augmentation	  in	  the	  aorta	  was	  almost	  identical	  to	  that	  
seen	  following	  the	  administration	  of	  nitro-­‐vasodilators,	  suggesting	  that	  the	  reduced	  
tone	  of	  muscular	  arteries	  together	  with	  a	  reduction	  in	  pressure	  wave	  reflection	  from	  
the	  lower	  body	  is	  an	  independent	  mechanism	  underlying	  exercise-­‐induced	  changes	  
in	  pulse	  wave	  morphology.	  In	  the	  present	  study,	  improved	  ventricular-­‐vascular	  
coupling,	  induced	  by	  the	  favorable	  and	  persistent	  haemodynamic	  changes	  following	  
the	  first	  episode	  of	  exercise,	  may	  have	  contributed	  to	  the	  beneficial	  adaptation	  
observed	  during	  second	  exercise	  by	  reducing	  afterload	  and	  shortening	  systole.	  A	  
reduction	  in	  ejection	  duration	  is	  associated	  with	  enhanced	  diastolic	  relaxation350.	  
Exercise-­‐induced	  peripheral	  vasodilation	  has	  been	  previously	  suggested	  as	  a	  
potential	  important	  mechanism	  in	  warm-­‐up339,	  but	  this	  is	  the	  first	  time	  it	  has	  been	  
demonstrated	  clinically.	  
Persistent	  Decrease	  in	  Coronary	  Microvascular	  Resistance	  Index	  with	  Exercise	  
In	  the	  presence	  of	  a	  coronary	  stenosis	  the	  subendocardial	  myocardium	  is	  especially	  
sensitive	  to	  impedance	  of	  blood	  flow	  during	  systole,	  and	  maintenance	  of	  uniform	  
transmural	  myocardial	  flow	  distribution	  is	  very	  dependent	  on	  changes	  to	  
microvascular	  resistance	  during	  diastole,	  especially	  at	  increased	  hearts	  rates,	  
requiring	  active	  coronary	  vasodilatation60,	  336.	  	  It	  is	  well	  established	  that	  the	  
subendocardial	  tissue	  layer	  is	  sensitive	  to	  the	  systolic	  flow	  impediment	  of	  cardiac	  
contraction,	  especially	  in	  the	  presence	  of	  reduced	  coronary	  pressure	  due	  to	  a	  
proximal	  stenosis342	  and	  that	  the	  resultant	  hypoperfusion	  spreads	  from	  
endocardium	  to	  epicardium37,	  336.	  Subendocardial	  flow	  therefore	  depends	  critically	  
on	  diastolic	  duration60,	  69.	  	  At	  increased	  hearts	  rates,	  as	  the	  interval	  of	  diastole	  is	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reduced,	  active	  coronary	  vasodilatation	  is	  required	  to	  maintain	  transmural	  diastolic	  
perfusion69,	  336.	  	  Exercise	  produces	  an	  intense	  vasodilatory	  stimulus	  on	  the	  coronary	  
resistance	  vessels,	  which	  substantially	  alters	  the	  relative	  distribution	  of	  blood	  flow	  
over	  the	  coronary	  vascular	  bed	  351,	  352.	  	  We	  observed	  an	  increase	  in	  coronary	  flow	  
velocity	  during	  Ex1	  where	  MR	  continued	  to	  fall,	  after	  an	  initial	  slight	  increase	  at	  the	  
start,	  suggesting	  progressive	  vasodilation	  of	  the	  coronary	  vascular	  bed	  with	  
increasing	  workload.	  	  It	  has	  been	  shown	  that	  persistent	  vasomotor	  tone	  is	  present	  
throughout	  the	  coronary	  microcirculation	  even	  during	  ischaemia,	  with	  substantial	  
vasodilator	  reserve	  remaining	  within	  the	  exercising	  vascular	  bed	  of	  a	  hypo-­‐perfused	  
region35,	  353.	  This	  is	  confirmed	  in	  the	  present	  study,	  since	  MR	  continues	  to	  fall	  after	  
the	  end	  of	  Ex1,	  through	  recovery	  and	  into	  the	  start	  of	  Ex2,	  where	  the	  final	  resistance	  
attained	  is	  lower	  than	  that	  which	  occurred	  during	  the	  myocardial	  ischaemia	  induced	  
by	  peak	  exercise	  during	  Ex1	  (p=0.0002).	  	  	  
The	  reduction	  in	  coronary	  microvascular	  resistance	  we	  observed	  during	  Ex2	  indicates	  
a	  sustained	  vasodilatory	  action.	  	  Previous	  studies	  have	  suggested	  that	  vasodilation	  
may	  play	  an	  important	  role	  in	  warm-­‐up.	  	  Joy102	  and	  Ylitalo354	  used	  nifedipine	  and	  
nisoldipine,	  respectively,	  in	  patients	  with	  warm-­‐up	  angina.	  	  In	  both	  cases,	  the	  
addition	  of	  these	  vasodilating	  agents	  attenuated	  the	  magnitude	  of	  warm-­‐up,	  
implying	  a	  shared	  common	  mechanism.	  	  Interestingly,	  the	  beta-­‐blocker	  timolol,	  
which	  is	  thought	  to	  exert	  its	  antianginal	  effect	  through	  reduced	  myocardial	  oxygen	  
demand	  and	  may	  cause	  an	  increase	  in	  α-­‐adrenoceptor	  mediated	  coronary	  
vasoconstriction355,	  did	  not	  attenuate	  the	  warm-­‐up	  response.	  Bogaty	  et	  al.	  examined	  
the	  transmural	  redistribution	  of	  coronary	  blood	  flow	  within	  the	  myocardium	  as	  a	  
mechanism	  of	  warm-­‐up	  using	  SPECT	  imaging	  but	  was	  unable	  to	  demonstrate	  any	  
differences,	  perhaps	  due	  to	  the	  limited	  spatial	  resolution	  of	  SPECT116.	  Further	  studies	  
using	  high-­‐resolution	  cardiac	  magnetic	  resonance	  imaging	  to	  examine	  changes	  in	  
subendocardial	  perfusion	  may	  provide	  insight.	  
Coronary-­‐Cardiac	  Interaction	  
In	  the	  presence	  of	  a	  severe	  proximal	  stenosis	  (and	  thereby	  small	  residual	  vasodilator	  
capacity)	  other	  factors	  may	  also	  influence	  transmural	  distribution	  of	  perfusion	  in	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response	  to	  increased	  stress.	  In	  the	  setting	  of	  myocardial	  ischaemia	  it	  is	  known	  that	  
changes	  in	  myocardial	  function,	  including	  increased	  compliance	  and	  enhanced	  LV	  
diastolic	  relaxation	  contribute	  to	  transmural	  flow	  redistribution	  to	  the	  
subendocardium356.	  	  Coronary	  wave	  intensity	  analysis	  reflects	  the	  effects	  of	  both	  
cardiac	  contraction	  and	  coronary	  conductance	  on	  coronary	  blood	  flow	  dynamics.	  In	  
the	  coronary	  artery,	  the	  effects	  of	  LV	  relaxation	  generate	  a	  dominant	  backward	  (via	  
the	  vasculature)	  expansion	  wave.	  This	  BEW	  is	  a	  flow-­‐accelerating	  (suction)	  wave	  and	  
plays	  a	  prominent	  role	  in	  diastolic	  coronary	  blood	  flow	  245,	  254.	  A	  higher	  magnitude	  of	  
this	  wave	  has	  been	  observed	  after	  a	  decrease	  in	  microvascular	  resistance	  through	  
pharmacological	  vasodilation342	  and	  also	  with	  enhanced	  LV	  relaxation	  due	  to	  a	  
decrease	  in	  microvascular	  compression254.	  	  Similarly,	  Davies	  et	  al	  found	  a	  30%	  
reduction	  in	  the	  magnitude	  of	  the	  BEW	  in	  patients	  with	  LV	  hypertrophy,	  a	  group	  with	  
known	  impaired	  microvascular	  function	  and	  LV	  relaxation	  when	  compared	  to	  a	  
group	  of	  matched	  controls245.	  	  In	  the	  present	  study,	  although	  the	  exercise	  levels	  
were	  similar,	  the	  magnitude	  of	  the	  BEW	  was	  21%	  greater	  on	  second	  exertion.	  This	  
important	  increase	  in	  the	  BEW,	  together	  with	  the	  beneficial	  energetics	  afforded	  by	  a	  
reduction	  in	  ejection	  time	  and	  LV	  afterload	  suggest	  that	  enhanced	  vascular-­‐
ventricular	  coupling,	  as	  well	  as	  persistent	  coronary	  vasodilation	  and	  improved	  
cardiac-­‐coronary	  interaction,	  play	  an	  important	  role	  in	  the	  improved	  performance	  
seen	  on	  second	  exertion.	  	  
Other	  Potential	  Mechanisms	  
Although	  the	  adaptations	  seen	  during	  Ex2	  may	  be	  a	  result	  of	  the	  exercise	  itself,	  one	  
must	  also	  consider	  the	  potential	  role	  of	  1)	  ischaemic	  preconditioning	  (IPC)	  whereby	  
the	  ischaemia	  itself	  resulted	  in	  intrinsic	  myocardial	  adaptation;	  and	  2)	  the	  
contribution	  of	  recruitable	  coronary	  collaterals.	  IPC	  is	  the	  term	  used	  to	  describe	  the	  
increased	  myocardial	  resistance	  to	  ischaemia	  that	  follows	  a	  brief	  episode	  of	  
ischaemia109,	  110.	  It	  has	  been	  suggested	  that	  the	  clinical	  observation	  of	  the	  warm-­‐up	  
phenomenon	  may	  represent	  one	  aspect	  of	  IPC	  in	  humans105.	  	  IPC,	  like	  warm-­‐up	  
angina	  is	  also	  unexplained	  by	  a	  down-­‐regulation	  of	  contractile	  function	  or	  an	  
increase	  in	  collateral	  myocardial	  perfusion	  induced	  by	  initial	  exercise114,	  115.	  	  The	  
finding,	  however,	  that	  warm-­‐up	  angina	  does	  not	  seem	  to	  be	  mediated	  by	  adenosine	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or	  by	  cardiac	  adenosine	  triphosphate-­‐sensitive	  potassium	  channels116,	  117	  suggests	  
that	  it	  is	  mechanistically	  distinct	  from	  classic	  ischaemic	  preconditioning.	  	  	  
 
Recruitable	  coronary	  collaterals	  have	  long	  been	  proposed	  as	  a	  mechanism	  for	  warm-­‐
up	  and	  other	  ischaemic	  adaptation100. While	  in	  the	  present	  study	  we	  excluded	  those	  
with	  chronic	  total	  occlusions	  or	  with	  significant	  angiographic	  collateral	  vessels,	  there	  
is2	  the	  possibility	  (indeed	  likelihood)	  that	  those	  included	  did	  have	  some	  collateral	  
vessels	  present.	  Previously,	  our	  group	  has	  examined	  this	  phenomenon	  specifically	  
and	  found	  that	  there	  was	  no	  relationship	  between	  the	  presence	  and	  extent	  of	  
coronary	  collaterals	  and	  the	  presence	  of	  warm-­‐up,	  based	  on	  a	  model	  of	  coronary	  
vessel	  occlusion	  using	  an	  angioplasty	  balloon	  and	  measuring	  collateral	  flow	  index97.	  
Other	  studies	  have	  also	  shown	  ischaemic	  adaptation	  to	  be	  independent	  of	  the	  
presence	  of	  recruitable	  coronary	  collateral	  vessels357,	  358.	  	  Although	  the	  magnitude	  of	  
inducible	  myocardial	  ischaemia	  is	  lower	  when	  significant	  collaterals	  are	  present,	  
there	  is	  no	  effect	  of	  repetitive	  ischaemic	  stress357. 	  However,	  a	  recent	  study	  by	  Togni	  
et	  al	  demonstrated	  an	  instantaneous	  increase	  in	  collateral	  flow	  index	  (CFI)	  in	  
response	  to	  dynamic	  isometric	  exercise	  in	  patients	  with	  coronary	  artery	  disease264.	  	  
They	  measured	  CFI	  at	  rest	  and	  during	  the	  last	  minute	  of	  peak	  exercise,	  randomly	  
assigning	  the	  patients	  to	  either	  rest	  or	  exercise	  measurements	  first,	  to	  overcome	  the	  
potential	  confounder	  of	  the	  initial	  rest	  ischaemic	  stimulation	  (one	  minute	  of	  balloon	  
inflation)	  influencing	  the	  subsequent	  exercise	  measurements.	  	  In	  both	  cases	  there	  
was	  a	  significant	  increase	  in	  CFI	  in	  response	  to	  exercise	  irrespective	  of	  which	  was	  
measured	  first.	  Interestingly,	  when	  exercise	  was	  performed	  first	  both	  the	  peak	  
exercise	  CFI	  and	  the	  subsequent	  resting	  CFI	  values	  were	  higher,	  although	  not	  
statistically	  significantly,	  from	  when	  the	  rest	  measurements	  were	  taken	  first.	  	  
Although	  one	  must	  be	  cautious	  in	  how	  one	  extrapolates	  such	  data	  to	  the	  findings	  
from	  the	  present	  study,	  if	  collateral	  vessel	  recruitment	  were	  to	  play	  a	  significant	  role	  
in	  warm-­‐up	  then	  perhaps	  one	  might	  have	  expected	  a	  higher	  peak	  exercise	  CFI	  
measurement	  in	  the	  group	  where	  there	  had	  been	  a	  preceding	  ischaemic	  stimulus;	  in	  
fact	  the	  opposite	  was	  true.	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In	  the	  current	  study	  we	  did	  not	  measure	  CFI.	  Again,	  we	  wanted	  to	  preserve	  the	  
conditions	  of	  exercise-­‐induced	  angina	  as	  far	  as	  possible	  in	  our	  model	  and	  the	  
necessary	  prolonged	  balloon	  inflations	  for	  CFI	  measurement	  would	  have	  
substantially	  altered	  this.	  In	  addition,	  there	  is	  evidence	  from	  the	  literature	  that	  even	  
in	  the	  presence	  of	  exercise-­‐induced	  coronary	  ischaemia	  microvascular	  resistance	  is	  
not	  minimal35,	  353,	  and	  this	  was	  evidenced	  in	  the	  present	  study	  where	  microvascular	  
resistance	  continued	  to	  fall	  throughout	  Ex1	  and	  into	  recovery.	  For	  pressure	  based	  
CFI	  measurements,	  minimal	  microvascular	  resistance,	  as	  well	  as	  central	  venous	  
pressure	  measurements	  are	  very	  important	  as	  variations	  in	  these	  can	  have	  a	  
significant	  impact	  on	  measurements.	  This	  is	  the	  reason	  such	  measurements	  are	  
usually	  made	  following	  the	  administration	  of	  both	  intracoronary	  nitrates	  and	  
systemic	  adenosine	  to	  minimise	  such	  resistances.	  Again,	  for	  these	  reasons	  we	  did	  
not	  measure	  CFI	  in	  this	  way.	  	  Undoubtedly,	  however,	  further	  work	  in	  the	  response	  of	  
collateral	  blood	  flow	  to	  serial	  exercise	  exertions	  would	  be	  very	  interesting,	  perhaps	  
utilising	  contrast	  echocardiography,	  although	  again	  this	  presents	  significant	  technical	  
challenges	  in	  itself264,	  359.	  	  	  
Further	  Work	  and	  Potential	  Therapies?	  
Endothelin	  (ET)	  exerts	  a	  constrictor	  influence	  on	  the	  coronary	  and	  systemic	  
circulation	  through	  the	  ET	  -­‐receptor	  A,	  which	  decreases	  during	  exercise	  thereby	  
contributing	  to	  metabolic	  vasodilation360.	  	  Mechanisms	  for	  this	  may	  include	  exercise-­‐
induced	  increases	  in	  adenosine	  levels,	  which	  decrease	  the	  sensitivity	  of	  the	  
vasculature	  to	  ET361,	  and,	  nitric	  oxide	  (NO)	  production	  that	  increases	  during	  exercise,	  
and	  can	  directly	  modulate	  the	  binding	  of	  ET	  to	  the	  ETA	  receptor362,	  363.	  These	  effects	  
were	  shown	  to	  persist	  after	  cessation	  of	  exercise	  thereby	  potentially	  providing	  the	  
favorable	  conditions	  similar	  to	  those	  seen	  in	  the	  current	  study,	  where	  lasting	  
coronary	  and	  systemic	  vasodilatation	  through	  recovery	  and	  into	  the	  second	  exertion	  
resulted	  in	  reduced	  ischaemia.	  	  In	  a	  study	  in	  patients	  with	  essential	  hypertension,	  
treatment	  with	  the	  endothelin	  receptor	  antagonist	  BQ-­‐123	  was	  found	  to	  increase	  
exercise	  capacity,	  with	  an	  enhanced	  peripheral	  vasodilatory	  response,	  especially	  at	  
higher	  workloads364.	  	  Another	  group	  found	  that	  intensive	  exercise	  training	  resulted	  
in	  an	  improvement	  in	  endothelium-­‐dependent	  coronary	  vasodilatation352;	  
Chapter	  5.	  Synergistic	  Adaptations	  in	  Warm-­‐up	  Angina	  
	  
	   173	  
nitroglycerin-­‐induced	  (endothelium-­‐independent)	  coronary	  vasodilatation	  conferred	  
no	  benefit.	  	  Further	  work	  is	  warranted	  to	  examine	  ways	  to	  modulate	  the	  acute	  
responses	  to	  intense	  exercise	  seen	  in	  the	  present	  study,	  with	  the	  goal	  of	  “bottling”	  
the	  beneficial	  haemodynamic	  responses	  that	  we	  observed	  for	  subsequent	  exertions.	  
Early	  studies	  suggest	  that	  metabolic	  dilation	  in	  the	  systemic	  and	  coronary	  circulation	  
during	  exercise	  involves	  not	  only	  increased	  vasodilator	  influences	  but	  also	  inhibition	  
of	  vasoconstrictor	  influences.	  Inhibition	  of	  endothelin	  may	  provide	  a	  potential	  novel	  
target	  in	  the	  treatment	  of	  exertional	  angina.	  	  	  
5.6 Limitations	  
This	  was	  a	  small,	  single	  center	  study	  but	  is	  the	  first	  to	  examine	  simultaneously	  the	  
important	  changes	  in	  aortic	  pressure	  waveform,	  patterns	  of	  coronary	  blood	  flow,	  
and	  coronary	  microvascular	  resistance	  during	  large-­‐muscle	  exercise	  in	  the	  
investigation	  of	  warm-­‐up	  angina.	  In	  previous	  non-­‐invasive	  studies	  examining	  warm-­‐
up,	  an	  interval	  of	  10-­‐15	  minutes	  was	  used	  between	  the	  repetitive	  bouts	  of	  exercise.	  
Due	  to	  practical	  considerations	  this	  was	  not	  possible	  in	  the	  current	  study	  and	  the	  
time	  between	  exertions	  was	  shorter.	  	  Consequently,	  the	  lingering	  effects	  of	  Ex1	  
prevented	  a	  return	  to	  true	  baseline	  conditions	  at	  the	  start	  of	  Ex2.	  	  We	  did	  not	  
measure	  LV	  or	  pulmonary	  arterial	  pressures	  in	  our	  study	  and	  therefore	  cannot	  
exclude	  further	  differences	  that	  may	  have	  contributed.	  We	  do	  not	  expect	  differences	  
in	  extra-­‐cellular	  circulating	  volumes	  between	  Ex1	  and	  Ex2,	  but	  previous	  studies	  have	  
shown	  LVEDP	  to	  be	  lower	  on	  second	  exercise,	  although	  this	  did	  not	  seem	  to	  be	  
related	  to	  warm-­‐up349	  .	  No	  pharmacological	  vasodilation	  was	  given	  to	  keep	  the	  
environment	  as	  close	  to	  real-­‐life	  conditions	  as	  possible;	  minimal	  resistance	  was	  
therefore	  not	  known.	  In	  addition,	  intracoronary	  nitrates	  were	  not	  administered	  at	  
the	  beginning	  of	  the	  study	  to	  avoid	  the	  possibility	  of	  these	  exerting	  a	  confounding	  
preconditioning	  effect.	  There	  is	  the	  possibility	  that	  wire	  induced	  coronary	  spasm	  
may	  have	  had	  an	  effect	  of	  the	  coronary	  flow	  and	  pressure	  measurements.	  	  
5	  patients	  were	  not	  suitable	  for	  WI	  analysis,	  which	  utilizes	  the	  first	  derivative	  of	  
pressure	  and	  velocity	  waveforms	  and	  is	  therefore	  particularly	  affected	  by	  the	  quality	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of	  the	  acquired	  signals.	  The	  average	  systemic	  and	  coronary	  haemodynamic	  
parameters	  were	  comparable	  between	  the	  selected	  group	  and	  the	  entire	  study	  
group,	  and	  hence	  our	  findings	  from	  this	  group	  likely	  apply	  to	  the	  whole	  study	  
population.	  	  	  
5.7 Conclusions	  
In	  patients	  with	  coronary	  artery	  disease	  and	  demonstrable	  warm-­‐up,	  exercise	  
induces	  vasodilatory	  changes	  in	  the	  systemic	  and	  coronary	  circulations	  that	  reduce	  
central	  aortic	  pressure	  and	  myocardial	  microvascular	  resistance.	  	  These	  combine	  to	  
improve	  vascular-­‐ventricular	  coupling	  and	  enhance	  myocardial	  perfusion,	  thereby	  
contributing	  to	  the	  warm-­‐up	  effect	  seen	  on	  repeat	  exercise.	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6.1 Abstract	  
Background	  
With	  increasing	  heart	  rate	  there	  is	  redistribution	  of	  blood	  away	  from	  the	  
subendocardium	  due	  to	  the	  compressive	  forces	  of	  the	  LV	  during	  systole.	  	  
Subendocardial	  perfusion	  is	  therefore	  critically	  dependent	  on	  the	  diastolic	  time	  
fraction	  (DTF).	  With	  high	  spatial	  resolution,	  cardiac	  magnetic	  resonance	  perfusion	  
has	  the	  potential	  to	  examine	  important	  differences	  in	  transmural	  flow	  distribution.	  	  
Purpose	  
1. To	  examine	  the	  effect	  of	  reduced	  DTF	  on	  coronary	  flow	  between	  the	  
subendocardium	  and	  the	  subepicardium	  at	  rest	  and	  during	  adenosine	  stress	  
using	  high-­‐resolution	  cardiac	  magnetic	  resonance	  (CMR)	  perfusion.	  	  	  
2. To	  assess	  the	  feasibility	  of	  examining	  these	  differences	  using	  exercise	  stress.	  	  	  
Methods	  
The	  effect	  of	  adenosine	  on	  DTF	  was	  assessed	  in	  2	  patients	  undergoing	  percutaneous	  
coronary	  revascularisation	  (PCI)	  using	  a	  pressure	  sensor	  tipped	  guide	  wire	  in	  the	  
aortic	  root.	  	  k-­‐t	  SENSE	  accelerated	  perfusion	  CMR	  was	  performed	  on	  19	  healthy	  
volunteers.	  	  Images	  were	  acquired	  at	  rest,	  and	  during	  adenosine	  hyperaemia	  (8	  
volunteers)	  or	  after	  peak	  exercise	  (11	  volunteers).	  0.05	  mmol/kg	  Gd-­‐DTPA	  was	  
administered	  as	  contrast	  agent.	  	  Ventricular	  and	  myocardial	  signal	  intensity	  curves	  
were	  generated	  for	  both	  studies.	  	  The	  curves	  were	  used	  to	  quantify	  myocardial	  
blood	  flow	  (ml/min/g),	  myocardial	  perfusion	  reserve	  and	  endocardial/epicardial	  
ratios	  using	  a	  Fermi	  Function	  deconvolution	  algorithm.	  	  	  
Results	  
1)	  Adenosine:	  Resulted	  in	  a	  variation	  in	  both	  the	  diastolic	  duration	  (mean	  difference	  
151.9±59.6	  ms,	  P<0.001)	  and	  the	  DTF	  (mean	  difference	  0.04±0.01,	  P<0.0009).	  In	  
volunteers,	  endocardial	  flow	  at	  rest	  was	  higher	  than	  epicardial	  across	  all	  segments	  
(2.69±1.07ml/g/min	  vs.	  2.11±0.91	  ml/g/min	  P<0.0001)	  with	  an	  ENDO/EPI	  ratio	  of	  
1.34±0.2.	  During	  hyperaemia	  there	  remained	  a	  difference	  in	  perfusion	  with	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endocardial	  flow	  5.41±2.33	  ml/g/min	  and	  epicardial	  flow	  4.7±2.09	  ml/g/min	  
respectively	  (NS)	  with	  a	  reduced	  ENDO/EPI	  ratio	  of	  1.16±0.2	  (P=0.03	  vs.	  rest).	  
2)	  Exercise:	  7	  out	  of	  11	  studies	  suitable	  for	  analysis.	  Resting	  transmural	  blood	  flow	  
was	  0.8±0.06	  ml/g/min	  that	  increased	  to	  2.6±0.4	  and	  2.5±0.3	  ml/g/min	  during	  
exercise	  1	  and	  2	  respectively	  (p=0.001	  rest	  vs.	  exercise).	  MPR	  was	  3.3±0.5	  for	  Ex1	  
and	  3.1±0.4	  for	  Ex2.	  There	  was	  an	  ENDO/EPI	  flow	  ratio	  at	  rest	  of	  1.29±0.2	  that	  
reduced	  to	  1.04±0.2	  after	  Ex1	  and	  1.07±0.1	  after	  Ex2	  (P=	  0.02	  vs.	  rest).	  
Conclusion	  
Using	  high	  resolution	  CMR	  perfusion	  we	  were	  able	  to	  demonstrate	  in	  vivo	  that	  the	  
endocardial/epicardial	  flow	  ratio	  decreases	  during	  hyperaemic	  stress.	  	  
	  
6.2 Introduction	  
6.2.1 Coronary	  Physiology	  and	  Myocardial	  Perfusion	  During	  Exercise	  
During	  exercise,	  demand	  for	  oxygen	  increases	  in	  skeletal	  muscle37.	  This	  demands	  an	  
increase	  in	  cardiac	  output	  and	  arterial	  pressure,	  which	  is	  provided	  by	  increases	  in	  
heart	  rate,	  contractility,	  and	  ventricular	  work.	  	  The	  increase	  in	  activity	  of	  the	  heart	  
augments	  the	  demand	  and	  consumption	  for	  oxygen	  which	  is	  strongly	  correlated	  with	  
coronary	  flow37.	  	  Increases	  in	  coronary	  flow	  are	  met	  by	  vasodilatation	  of	  the	  
coronary	  vessels	  and	  an	  increase	  in	  mean	  arterial	  pressure365.	  	  	  Left	  ventricular	  
myocardial	  blood	  flow	  is	  0.8-­‐1.3	  ml/min/g	  at	  rest	  in	  humans309,	  366-­‐368.	  Dynamic	  
exercise	  can	  increase	  coronary	  blood	  flow	  by	  three	  to	  five	  times	  above	  the	  resting	  
level11	  309.	  	  The	  difference	  between	  the	  maximal	  blood	  flow	  obtained	  by	  coronary	  
vasodilatation	  and	  blood	  flow	  at	  rest	  is	  known	  as	  the	  myocardial	  perfusion	  reserve	  
(MPR)	  and	  depends	  largely	  on	  the	  perfusion	  pressure	  and	  the	  degree	  of	  
vasodilatation	  in	  the	  microcirculation44.	  	  
The	  majority	  of	  coronary	  blood	  flow	  occurs	  during	  diastole74.	  	  Physical	  compression	  
and	  myocardial	  shortening	  during	  the	  systolic	  phase	  cause	  impediment	  of	  coronary	  
blood	  flow	  within	  the	  intramural	  vessels43,	  44.	  	  The	  LV	  subendocardium	  is	  much	  more	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vulnerable	  to	  the	  compressive	  forces	  of	  systolic	  contraction	  than	  the	  subepicardium	  
and	  subepicardial	  flow	  is	  roughly	  twice	  that	  of	  the	  subendocardium	  during	  systole21.	  	  
Subendocardial	  perfusion	  is	  therefore	  critically	  dependent	  on	  diastolic	  perfusion;	  
with	  increasing	  heart	  rate	  and	  a	  reduction	  in	  the	  diastolic	  interval,	  perfusion	  is	  
maintained	  by	  vasodilatation	  of	  the	  coronary	  microvasculature69.	  In	  contrast,	  
subepicardial	  perfusion	  is	  relatively	  unaffected	  by	  changes	  in	  the	  diastolic	  duration	  
and	  heart	  rate342.	  To	  compensate	  for	  these	  differences,	  the	  subendocardium	  has	  a	  
greater	  capillary	  vascular	  density	  with	  resting	  endo-­‐epicardial	  flow	  (ENDO/EPI)	  ratios	  
reported	  between	  1.09	  and	  1.4921,	  278,	  293,	  369.	  However,	  as	  heart	  rate	  increases	  and	  
diastolic	  perfusion	  time	  (or	  diastolic	  time	  fraction,	  DTF)	  reduces	  it	  has	  been	  shown	  
that	  there	  is	  a	  reduction,	  or	  even	  a	  reversal	  in	  this	  ratio	  as	  blood	  is	  directed	  away	  
from	  the	  subendocardium23,	  370,11,371.	  	  
6.2.2 High	  resolution	  CMR	  Imaging-­‐	  the	  Challenges	  of	  Exercise	  Stress	  
In	  order	  to	  study	  differences	  in	  transmural	  flow	  distribution	  during	  exercise	  in	  the	  
human	  myocardium	  any	  imaging	  technique	  must	  fulfil	  some	  essential	  criteria.	  Firstly,	  
it	  must	  be	  able	  to	  image	  the	  heart	  at	  high	  heart	  rates;	  it	  must	  be	  of	  sufficient	  spatial	  
resolution	  to	  distinguish	  the	  endo-­‐	  and	  epicardial	  layers;	  and	  it	  must	  allow	  full	  
quantification	  of	  myocardial	  blood	  flow.	  Cardiac	  magnetic	  resonance	  (MR)	  has	  the	  
potential	  to	  fulfil	  all	  of	  these	  requirements,	  although,	  such	  imaging	  presents	  a	  
significant	  challenge.	  The	  main	  challenge	  relates	  to	  the	  acquisition	  of	  data	  at	  much	  
higher	  heart	  rates	  than	  usual,	  without	  significantly	  degrading	  either	  the	  spatial	  or	  
temporal	  resolution	  necessary	  for	  quantification	  of	  blood	  flow	  to	  the	  different	  
myocardial	  layers.	  Such	  studies	  have	  not	  been	  previously	  carried	  out.	  
Through	  preliminary	  studies	  in	  volunteers	  we	  established	  that	  the	  use	  of	  k-­‐space	  and	  
time	  sensitivity	  encoding	  (k-­‐t	  SENSE)	  was	  preferable	  to	  standard	  first-­‐pass	  perfusion	  
techniques	  [see	  Chapter	  2].	  k-­‐t	  SENSE	  simultaneously	  exploits	  coil	  encoding	  and	  
spatiotemporal	  data	  correlations	  to	  allow	  acceleration	  of	  data	  acquisition,	  which	  is	  
crucial	  during	  dynamic	  MR	  perfusion222.	  	  This	  acceleration	  can	  be	  used	  to	  improve	  
temporal	  or	  spatial	  resolution	  of	  perfusion	  CMR	  especially	  at	  3	  Tesla	  where	  there	  is	  a	  
greater	  signal	  to	  noise	  ratio	  (SNR)223.	  It	  is	  also	  associated	  with	  a	  reduction	  in	  dark	  rim	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artefacts,	  which	  we	  found	  to	  be	  particularly	  troublesome	  at	  high	  heart	  rates	  with	  
standard	  perfusion	  techniques;	  consequently	  a	  lot	  of	  these	  early	  data	  were	  not	  
suitable	  for	  quantitative	  analysis.	  	  However,	  despite	  the	  advantages	  of	  faster	  
scanning	  using	  k-­‐t	  SENSE	  it	  also	  presents	  some	  potential	  drawbacks:	  the	  higher	  
spatial	  resolution	  and	  spatiotemporal	  under-­‐sampling	  can	  result	  in	  a	  loss	  of	  SNR,	  as	  
well	  as	  being	  especially	  vulnerable	  to	  breathing	  and	  other	  movement	  artefact.	  	  The	  
effect	  of	  these	  on	  quantification	  of	  transmural	  myocardial	  blood	  flow	  remains	  to	  be	  
determined.	  
6.2.3 Rationale	  for	  the	  Proposed	  Study	  	  
The	  redistribution	  of	  coronary	  blood	  flow	  between	  the	  different	  layers	  of	  the	  
myocardium	  is	  of	  great	  importance,	  especially	  in	  patients	  with	  coronary	  artery	  
disease	  where	  the	  subendocardium	  is	  particularly	  vulnerable	  to	  the	  effects	  of	  
ischaemia	  and	  infarction108,	  131.	  	  An	  increased	  understanding	  of	  such	  changes	  in	  
perfusion	  might	  allow	  us	  to	  develop	  interventions	  or	  therapies	  to	  attenuate	  such	  
damage.	  In	  the	  previous	  chapter	  (Chapter	  5)	  we	  documented	  important	  changes	  in	  
myocardial	  microvascular	  resistance	  (MR)	  that	  were	  associated	  with	  improved	  
performance	  in	  patients	  with	  obstructive	  coronary	  disease	  and	  exertional	  angina.	  It	  
is	  known	  that	  with	  increasing	  heart	  rate	  these	  reductions	  in	  MR	  are	  associated	  with	  
enhanced	  subendocardial	  blood	  flow60.	  	  Although	  changes	  in	  transmural	  blood	  flow	  
have	  been	  extensively	  examined	  in	  animals,	  there	  is	  comparatively	  little	  data	  in	  
humans	  because	  of	  the	  difficulties	  in	  acquiring	  such	  data	  in	  vivo.	  	  	  
Quantifying	  myocardial	  blood	  flow	  during	  exercise	  stress	  using	  CMR	  is	  a	  challenge.	  
Initially	  it	  was	  important	  to	  establish	  that	  the	  scanning	  and	  quantification	  methods	  
we	  were	  going	  to	  use	  were	  capable	  of	  detecting	  differences	  in	  transmural	  flow	  
distribution	  in	  subjects	  not	  undergoing	  exercise.	  Adenosine	  is	  a	  vasodilator,	  lowering	  
central	  aortic	  pressure	  and	  increasing	  heart	  rate;	  it	  is	  safe	  and	  widely	  used	  and	  
therefore	  provided	  a	  good	  choice	  of	  stimulant	  to	  use.	  The	  effects	  of	  the	  standard	  
adenosine	  infusion	  used	  in	  clinical	  practice	  (and	  in	  the	  experimental	  protocol)	  on	  
DTF	  are	  uncertain.	  This	  was	  determined	  by	  analysis	  of	  the	  central	  aortic	  pressure	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waveform	  in	  two	  patients	  undergoing	  scheduled	  percutaneous	  coronary	  
revascularisation	  in	  the	  catheterisation	  lab	  during	  adenosine	  infusion.	  	   	  
6.3 Methods	  
6.3.1 Adenosine	  Protocol	  
Catheterisation	  Lab	  Protocol	  
2	  patients	  with	  obstructive	  coronary	  disease	  in	  whom	  percutaneous	  coronary	  
intervention	  (PCI)	  was	  planned	  and	  were	  undergoing	  a	  pressure	  wire	  assessment	  of	  
the	  lesion,	  were	  consented	  into	  the	  study.	  A	  pressure	  wire	  (Brightwire®,	  Volcano®	  
Therapeutics,	  USA)	  was	  positioned	  at	  the	  tip	  of	  the	  guide	  and	  also	  connected	  to	  the	  
Combomap	  via	  a	  Smartmap®	  transducer	  (Volcano®	  Therapeutics,	  USA)	  which	  
provided	  a	  high	  fidelity	  proximal	  pressure	  signal	  (Pa)	  and	  was	  equalised	  to	  the	  fluid-­‐
filled	  catheter	  pressure	  trace	  from	  the	  main	  Philips	  Sensis®	  system	  in	  the	  cath	  lab.	  
The	  guide	  was	  disengaged	  from	  the	  coronary	  ostium	  and	  the	  pressure	  wire	  was	  
passed	  into	  the	  aortic	  root.	  	  Data	  were	  recorded	  at	  rest	  and	  during	  an	  intravenous	  
infusion	  of	  adenosine	  at	  140µg/kg/min	  for	  3	  minutes	  to	  achieve	  hyperaemic	  stress.	  
All	  data	  were	  recorded	  at	  1	  kHz	  and	  stored	  on	  a	  disk	  for	  subsequent	  analysis.	  The	  
second	  derivative	  of	  the	  waveform	  was	  used	  to	  identify	  the	  dicrotic	  notch	  and	  the	  
first	  derivative	  to	  identify	  the	  maximal	  point	  of	  change	  of	  the	  upstroke	  of	  the	  
following	  beat	  to	  determine	  diastolic	  duration	  (see	  Figure	  56	  below),	  using	  Matlab®	  
(The	  MathWorksInc®,	  USA).	  DTF	  was	  then	  determined	  by	  dividing	  the	  diastolic	  
duration	  by	  the	  whole	  pulse	  duration.	  The	  analysis	  was	  performed	  blind	  to	  whether	  
the	  readings	  were	  taken	  at	  baseline	  or	  hyperaemia.	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Figure	  56. Showing	  
the	  calculation	  of	  diastolic	  
time	  fraction	  (DTF)	  from	  the	  
central	  aortic	  pressure	  
waveform.	  The	  second	  
derivative	  was	  used	  to	  







A	  group	  of	  8	  normal	  volunteers	  (6	  males	  aged	  29±8	  years)	  with	  no	  known	  history	  of	  
cardiac	  disease	  were	  recruited.	  	  There	  was	  no	  evidence	  of	  conditions	  such	  as	  
obstructive	  lung	  disease,	  sick	  sinus	  or	  atrioventricular	  block	  that	  would	  lead	  to	  the	  
contraindication	  of	  adenosine	  administration.	  	  Coffee,	  tea	  and	  caffeine-­‐containing	  
drugs	  were	  withheld	  for	  24	  hours	  before	  the	  investigation.	  	  All	  subjects	  gave	  written	  
informed	  consent,	  and	  the	  local	  ethics	  review	  board	  approved	  the	  study.	  	  
Myocardial	  perfusion	  CMR	  was	  performed	  on	  a	  3T	  Philips	  Achieva®	  system	  using	  a	  6	  
channel	  cardiac	  phased	  array	  receiver	  coil	  for	  signal	  reception	  and	  a	  
vectorcardiogram	  for	  triggering	  and	  gating.	  Subjects	  had	  a	  peripheral	  cannula	  
inserted	  in	  both	  antecubital	  fossae,	  one	  for	  administration	  of	  a	  contrast	  agent	  and	  
the	  other	  for	  the	  infusion	  of	  adenosine.	  All	  perfusion	  data	  were	  acquired	  in	  the	  true	  
short	  axis	  of	  the	  LV	  at	  end-­‐inspiration	  to	  minimise	  respiratory	  artefacts.	  The	  
perfusion	  pulse	  sequence	  consisted	  of	  a	  saturation	  recovery	  gradient	  echo	  method	  
with	  a	  repetition	  time/echo	  time	  3.0ms/1.0ms	  and	  flip	  angle	  15°;	  5x	  k-­‐t	  SENSE	  
acceleration	  was	  used	  with	  11	  interleaved	  training	  profiles	  providing	  an	  effective	  
acceleration	  of	  3.8x	  and	  a	  spatial	  resolution	  of	  1.2x1.2x10mm3.	  3	  slices	  were	  
acquired	  at	  each	  RR	  interval.	  The	  first	  slice	  was	  acquired	  immediately	  following	  the	  
R-­‐wave	  on	  the	  ECG.	  In	  order	  to	  acquire	  data	  during	  cardiac	  phases	  with	  minimal	  bulk	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cardiac	  motion,	  mid-­‐systole	  and	  mid-­‐diastole	  were	  identified	  on	  cine	  images	  and	  the	  
trigger	  delays	  for	  slice	  two	  and	  three	  set	  so	  that	  acquisition	  occurred	  in	  these	  cardiac	  
phases.	  Data	  were	  acquired	  during	  adenosine-­‐induced	  hyperaemia	  (140µg/kg/min)	  
and	  after	  a	  15minute	  delay	  at	  rest	  using	  a	  dose	  of	  0.05mmol/kg	  Gd-­‐DTPA	  
(Magnevist®,	  Shering,	  Germany)	  at	  a	  rate	  of	  4ml/minute	  followed	  by	  a	  flush	  of	  20ml	  
Saline.	  Blood	  pressure	  and	  heart	  rate	  were	  monitored	  throughout,	  as	  was	  the	  
subject’s	  response	  to	  adenosine	  to	  ensure	  that	  hyperaemic	  conditions	  were	  
achieved.	  	  Standard	  dual	  inversion	  recovery	  late	  gadolinium	  enhancement	  images	  
were	  acquired	  after	  15	  minutes	  to	  ensure	  there	  were	  no	  significant	  areas	  of	  scar	  that	  
may	  interfere	  with	  the	  analysis.	  	  	  
6.3.2 Exercise	  Protocol	  
A	  specially	  adapted	  supine	  cycle	  ergometer	  was	  used	  and	  attached	  to	  the	  sliding	  
table	  inside	  the	  CMR	  scanner	  such	  that	  the	  subject	  could	  exercise	  without	  leaving	  
the	  table	  and	  scanning	  could	  occur	  almost	  immediately	  after	  peak	  exercise.	  A	  
standardised	  exercise	  protocol	  was	  used	  with	  increments	  of	  20W	  each	  minute	  for	  6	  
minutes	  at	  a	  rate	  of	  60	  rpm340.	  Rate	  pressure	  product	  (RPP)	  calculated	  as	  peak	  
systolic	  blood	  pressure	  x	  peak	  HR	  was	  recorded	  at	  peak	  exercise.	  
CMR	  Protocol	  
Healthy	  volunteers	  without	  known	  cardiovascular	  disease	  gave	  informed	  consent	  for	  
supine	  cycle	  ergometry	  on	  the	  CMR	  scanner	  table	  (Lode,	  Netherlands).	  Resting	  high-­‐
resolution	  perfusion	  CMR	  was	  performed	  on	  a	  3T	  Philips	  Achieva®	  system	  using	  
0.025	  mmol/kg	  Gd-­‐DTPA	  (saturation	  recovery	  gradient	  echo,	  repetition	  time/echo	  
time	  2.7ms/0.96ms,	  flip	  angle	  15°,	  5	  x	  k-­‐t	  SENSE	  acceleration,	  11	  interleaved	  training	  
profiles,	  WET	  pre-­‐pulse	  (angles	  120°,	  90°,	  180°,	  140°);	  delay	  100ms,	  spatial	  
resolution	  1.0x1.0x8mm3,	  3	  slices	  acquired	  at	  each	  RR	  interval,	  30	  dynamic	  images).	  	  
Subjects	  were	  then	  removed	  from	  the	  scanner	  but	  remained	  in	  a	  supine	  position	  on	  
the	  table	  attached	  to	  the	  ECG	  electrodes	  and	  radiofrequency	  coil.	  Position	  on	  the	  
table	  was	  maintained	  using	  a	  specially	  adapted	  vacuum	  cushion.	  Subjects	  then	  
underwent	  a	  standardised	  incremental	  exercise	  protocol	  as	  has	  been	  described	  
previously340.	  At	  peak	  exercise,	  the	  patients	  were	  quickly	  slid	  back	  into	  the	  scanner	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and	  the	  perfusion	  sequence	  was	  repeated.	  After	  a	  period	  of	  rest	  for	  20	  minutes,	  the	  
exercise	  protocol	  was	  repeated	  with	  a	  further	  perfusion	  scan.	  	  
6.3.3 CMR	  Quantification	  Methods	  
Data	  were	  analysed	  off-­‐line	  by	  means	  of	  a	  commercially	  available	  dedicated	  
software	  package	  (MASS®,	  Medis,	  The	  Netherlands).	  The	  LV	  myocardium	  was	  
divided	  into	  6	  segments	  per	  slice	  and	  into	  an	  endocardial	  and	  epicardial	  third	  and	  
signal	  intensity	  curves	  (SI)	  were	  generated	  [see	  Chapter	  2	  for	  a	  more	  detailed	  
explanation	  of	  methods].	  Data	  generated	  in	  MASS	  were	  imported	  to	  a	  Fermi	  
Function	  deconvolution	  algorithm	  implemented	  in	  Matlab®	  (The	  MathWorksInc®,	  
USA).	  The	  Fermi	  deconvolution	  provided	  estimates	  of	  absolute	  myocardial	  blood	  
flow	  (ml/g/min)196.	  Data	  are	  presented	  as	  mean	  ±SD.	  Myocardial	  perfusion	  reserve	  
(MPR)	  was	  calculated	  by	  dividing	  peak	  flow	  by	  resting	  flow	  values.	  
6.3.4 Statistical	  Analysis	  
Paired	  t-­‐tests	  were	  performed	  on	  the	  discrete	  data	  and	  used	  to	  examine	  the	  
difference	  in	  means.	  	  Multiple	  comparisons	  were	  made	  using	  ANOVA.	  Data	  are	  
presented	  as	  mean	  ±	  standard	  deviation	  (SD).	  Coefficient	  of	  variation	  was	  used	  to	  




5	  sets	  of	  measurements	  in	  the	  2	  patients	  were	  taken	  before	  and	  after	  PCI	  (see	  Table	  
16	  below).	  	  All	  data	  were	  of	  suitable	  quality	  for	  full	  analysis.	  The	  adenosine	  infusion	  
resulted	  in	  the	  predicted	  fall	  in	  central	  mean	  arterial	  pressure	  (MAP)	  and	  an	  increase	  
in	  heart	  rate	  (HR).	  These	  haemodynamic	  changes	  resulted	  in	  a	  variation	  in	  both	  the	  
diastolic	  duration	  (mean	  difference	  151.9±59.6	  ms,	  P<0.001)	  and	  the	  diastolic	  time	  
fraction	  (mean	  difference	  0.04±0.01,	  P<0.0009).	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   Vessel	   MAP	   HR	  	   Diastolic	  duration	   DTF	  
	   	   Rest	   Stress	   Rest	   Stress	   Rest	   Stress	   Rest	   Stress	  
1	   RCA	  pre	  
PCI	  








2	   RCA	  post	  
PCI	  




0.62	   0.58	  
3	   Cx	  pre	  
PCI	  




0.62	   0.59	  
4	   LAD	  pre	  
PCI	  




0.61	   0.57	  
5	   LAD	  post	  
PCI	  




0.64	   0.59	  
	   Mean	   76.9	   74.4	   57.2	   69.7	   659	   507**	   0.62	   0.58*	  
	   SD	   9.2	   10.5	   5.5	   5.1	   62.8	   36.5	   0.01	   0.008	  
	  
Table	  16. Showing	  the	  results	  of	  the	  analysis	  of	  5	  sets	  of	  measurements	  taken	  from	  2	  patients	  
undergoing	  percutaneous	  coronary	  intervention	  (PCI).	  All	  data	  were	  recorded	  at	  rest	  and	  stress	  
during	  the	  infusion	  of	  i.v.	  adenosine.	  MAP	  =mean	  arterial	  pressure,	  HR	  =heart	  rate,	  DTF	  =diastolic	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Figure	  57. Showing	  diastolic	  time	  
fraction	  (DTF)	  and	  diastolic	  duration	  (in	  
milliseconds)	  at	  rest	  and	  during	  
adenosine	  stress.	  *P<0.0009,	  **P<0.001.	  
	  
All	  8	  volunteers	  underwent	  the	  
protocol	  and	  all	  data	  was	  suitable	  
for	  quantification	  analysis.	  Heart	  
rate	  increased	  from	  63±15	  to	  
85±10	  (p=0.01)	  during	  
hyperaemia.	  Transmural	  flow	  
increased	  from	  1.7±0.2	  at	  rest	  to	  
4.4±0.4	  at	  peak	  hyperaemia	  
(p=0.0008).	  See	  Figure	  59	  below.	  
Endocardial	  flow	  at	  rest	  was	  
consistently	  higher	  than	  epicardial	  
flow	  across	  all	  segments	  
(2.5±0.2ml/g/min	  vs.	  1.9±0.2	  ml/g/min	  p=0.002)	  with	  an	  ENDO/EPI	  of	  1.34±0.2.	  
During	  hyperaemia	  there	  was	  a	  reduction	  in	  flow	  heterogeneity	  between	  the	  layers	  
with	  endocardial	  flow	  5.6±0.6	  ml/g/min	  and	  epicardial	  flow	  5.2±0.7	  ml/g/min	  
respectively	  (NS)	  and	  with	  a	  reduced	  ENDO/EPI	  of	  1.16±0.2	  (P=0.03).	  See	  Figure	  58	  
below.	  Mean	  intra-­‐observer	  difference	  of	  0.1±0.57	  (p=0.68)	  and	  a	  coefficient	  of	  
variability	  of	  21%.	  	  Inter-­‐observer	  difference	  was	  0.3±0.28	  (p=0.13)	  with	  a	  coefficient	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Figure	  58. Differences	  in	  endo-­‐	  and	  epicardial	  flow	  at	  rest	  and	  stress.	  Flow	  is	  ml/g/min.	  
*p=0.0025	  
6.4.2 Exercise	  
11	  subjects	  (36.3±7.3	  years;	  6	  male)	  completed	  two	  periods	  of	  exercise.	  Of	  these	  
only	  7	  were	  suitable	  for	  full	  quantification	  analysis	  of	  all	  data.	  Haemodynamic	  data	  is	  
shown	  in	  Table	  17	  below.	  	  Resting	  transmural	  blood	  flow	  was	  0.8±0.06	  ml/g/min	  that	  
increased	  to	  2.6±0.4	  and	  2.5±0.3	  ml/g/min	  during	  exercise	  1	  and	  2	  respectively	  
(P=0.001	  rest	  vs.	  exercise).	  See	  Figure	  59	  below.	  	  MPR	  was	  3.3±0.5	  for	  Ex1	  and	  
3.1±0.4	  for	  Ex2.	  There	  was	  an	  endo-­‐	  epicardial	  flow	  ratio	  at	  rest	  of	  1.29±0.2	  that	  
reduced	  to	  1.04±0.2	  after	  exercise	  1	  and	  1.07±0.1	  after	  exercise	  2	  (P=	  0.02	  vs.	  rest).	  
6.5 Discussion	  
At	  rest	  there	  is	  increased	  basal	  blood	  flow	  to	  the	  subendocardial	  layer	  of	  the	  
myocardium,	  resulting	  in	  an	  endo-­‐epicardial	  perfusion	  gradient.	  	  Resting	  blood	  flow	  
is	  predominantly	  diastolic	  but	  as	  heart	  rate	  increases	  there	  is	  increased	  systolic	  
blood	  flow.	  The	  compressive	  forces	  of	  LV	  contraction	  cause	  impediment	  of	  coronary	  
blood	  flow	  during	  systole.	  This	  effect	  is	  not	  distributed	  evenly	  across	  the	  
myocardium,	  however,	  and	  a	  reduction	  in	  diastolic	  time	  fraction	  (DTF)	  with	  
increasing	  heart	  rate	  causes	  blood	  to	  be	  directed	  away	  from	  the	  subendocardium	  to	  
the	  subepicardial	  layer	  resulting	  in	  a	  loss	  of	  this	  perfusion	  gradient.	  The	  present	  
study	  was	  able	  to	  illustrate	  these	  important	  physiological	  differences	  using	  high	  
resolution	  CMR	  perfusion	  during	  large	  muscle	  exercise	  in	  vivo.	  	  
Chapter	  6.	  Detection	  of	  Transmural	  Flow	  Heterogeneity	  
	  
	   187	  
	   Peak	  Exercise	  1	  	   Peak	  Exercise	  2	  
Volunteer	   HR	  	   %	  HRmax	   SBP	   RPP	   HR	  	   %	  HRmax	   SBP	   RPP	  
1	   115	   60.53	   156	   17940	   125	   65.79	   155	   19375	  
2	   129	   67.89	   150	   19350	   130	   68.42	   148	   19240	  
3	   121	   63.68	   158	   19118	   121	   63.68	   161	   19481	  
4	   135	   71.05	   140	   18900	   132	   69.47	   159	   20988	  
5	   118	   62.11	   160	   18880	   115	   60.53	   156	   17940	  
6	   125	   65.4	   157	   19625	   130	   70.1	   152	   20150	  
7	   118	   60.9	   146	   17228	   123	   63.2	   144	   17712	  
Mean	   123	   64.5	   152	   18720	   125	   65.8	   154	   19269	  
SD	   7.1	   3.8	   7.3	   843	   6	   3.6	   6	   1153	  
Table	  17. Full	  haemodynamic	  data	  collected	  at	  peak	  exercise.	  There	  were	  no	  differences	  in	  
any	  of	  the	  variables	  between	  peak	  Ex1	  and	  peak	  Ex2.	  HR	  =	  heart	  rate	  (bpm);	  SBP	  =systolic	  blood	  
pressure	  (mmHg);	  %	  HRmax	  =percentage	  of	  age-­‐predicted	  peak	  heart	  rate	  attained;	  RPP	  =rate	  
pressure	  product	  (SBP	  x	  HR).	  
6.5.1 Adenosine	  Stress	  Studies	  
Overall	  Myocardial	  Blood	  Flow	  (MBF)	  
The	  results	  from	  the	  adenosine-­‐CMR	  part	  of	  the	  study	  show	  that	  k-­‐t	  SENSE	  
accelerated	  first-­‐pass	  perfusion	  CMR	  at	  3.0	  T	  is	  an	  effective	  method	  of	  
demonstrating	  and	  quantifying	  myocardial	  perfusion.	  	  The	  images	  obtained	  in	  the	  
adenosine	  stress	  study	  showed	  excellent	  reproducibility	  and	  quality.	  	  Due	  to	  the	  high	  
spatial	  resolution	  of	  CMR,	  it	  was	  possible	  to	  produce	  detailed	  images	  of	  the	  
subendocardial	  and	  subepicardial	  borders.	  	  As	  a	  result	  the	  physiological	  differences	  
between	  the	  two	  layers	  could	  be	  demonstrated	  quantitatively.	  	  Basal	  endocardial	  
flow	  values	  were	  higher	  than	  the	  epicardium,	  which	  is	  to	  be	  expected	  given	  the	  
dense	  coronary	  vasculature	  in	  the	  endocardium	  that	  reduces	  towards	  the	  
epicardium372.	  	  This	  was	  demonstrated	  by	  the	  ENDO/EPI	  ratio	  of	  1.34	  at	  rest.	  	  During	  
pharmacological	  stress	  with	  adenosine,	  there	  is	  direct	  vasodilatation	  of	  the	  coronary	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Figure	  59. Showing	  differences	  in	  transmural	  flow	  and	  endo-­‐	  and	  epicardial	  flow	  differences	  
both	  during	  adenosine	  and	  exercise	  stress.	  It	  can	  be	  seen	  that	  in	  both	  cases	  there	  is	  a	  
significant	  increase	  in	  myocardial	  blood	  flow,	  and	  that	  the	  resting	  endo-­‐epicardial	  flow	  ration	  
is	  abolished	  at	  the	  increased	  HR.	  Flow	  is	  measured	  as	  ml/g/min.	  *p=0.005,	  **p<0.001	  
vessels,	  which	  decreases	  vascular	  resistance165.	  	  Coronary	  flow	  increases	  as	  a	  
response.	  	  In	  the	  present	  study	  we	  demonstrated	  an	  increase	  in	  transmural	  
myocardial	  perfusion	  from	  1.7±0.2	  at	  rest	  to	  4.4±0.4	  at	  peak	  hyperaemia	  (p=0.0008).	  
Few	  other	  studies	  have	  used	  quantitative	  analysis	  to	  demonstrate	  increases	  in	  
coronary	  blood	  flow	  between	  rest	  and	  stress	  in	  first-­‐pass	  perfusion	  CMR.	  	  Pack	  et	  al.	  
compared	  quantitative	  myocardial	  perfusion	  using	  CMR	  imaging	  with	  quantitative	  
perfusion	  using	  PET368.	  	  Quantitative	  analysis	  for	  CMR	  was	  performed	  using	  a	  
deconvolution	  method	  similar	  to	  that	  used	  in	  the	  present	  study.	  They	  found	  a	  mean	  
rest	  flow	  of	  1.03	  ±	  0.76	  ml/min/g	  and	  a	  mean	  stress	  flow	  of	  2.97	  ±	  1.59	  ml/min/g	  
with	  first-­‐pass	  perfusion	  CMR.	  	  In	  comparison,	  myocardial	  perfusion	  estimates	  from	  
dynamic	  13N-­‐ammonia	  PET	  at	  rest	  and	  stress	  were	  0.80	  ±	  0.24	  and	  ml/min/g	  3.04	  ±	  
1.14	  ml/min/g	  respectively.	  	  Perfusion	  estimates	  were	  not	  significantly	  different	  
between	  CMR	  and	  PET	  in	  both	  coronary	  arterial	  regions	  and	  in	  the	  individual	  
segments.	  	  MPR	  values	  for	  CMR	  and	  PET	  were	  3.2	  ±	  1.7	  and	  3.7	  ±	  0.7	  respectively.	  	  
Chapter	  6.	  Detection	  of	  Transmural	  Flow	  Heterogeneity	  
	  
	   189	  
Hsu	  et	  al.	  also	  used	  a	  model	  of	  deconvolution	  to	  quantify	  myocardial	  blood	  flow	  in	  
first-­‐pass	  perfusion	  CMR366.	  	  They	  found	  a	  mean	  flow	  of	  1.02	  ±	  0.22	  ml/min/g	  at	  rest	  
and	  3.39	  ±	  0.58	  ml/min/g	  during	  dipyridamole	  stress.	  	  Absolute	  myocardial	  blood	  
flow	  estimates	  using	  PET	  have	  yielded	  similar	  results.	  	  Ibrahim	  et	  al.	  found	  a	  mean	  
rest	  flow	  value	  of	  0.8	  ±	  0.2	  ml/min/g	  and	  a	  mean	  value	  of	  2.9	  ±	  08	  ml/min/g	  during	  
adenosine	  stress	  using	  PET367.	  	  MPR	  was	  3.9	  ±	  1.2.	  	  Wyss	  et	  al.	  found	  a	  mean	  resting	  
flow	  value	  1.22	  ±	  0.16	  ml/min/g	  that	  increased	  to	  5.13	  ±	  0.74	  ml/min/g	  during	  
adenosine	  stress309.	  Our	  rest	  flow	  values	  appear	  to	  be	  slightly	  higher	  than	  reported	  
values.	  	  This	  may	  be	  due	  to	  background	  saturation	  of	  contrast	  agent	  whereby	  the	  LV	  
input	  function	  is	  underestimated	  and	  thus	  MBF	  estimate	  is	  larger.	  	  However,	  our	  
adenosine	  stress	  values	  are	  comparable	  with	  the	  reported	  ranges.	  	  Due	  to	  our	  higher	  
rest	  flow	  values,	  our	  MPR	  results	  were	  therefore	  slightly	  lower	  then	  the	  reported	  
values.	  	  	  
Transmural	  Flow	  Redistribution	  
At	  the	  standard	  doses	  of	  adenosine	  used	  in	  the	  clinical	  setting	  (140µg/kg/min)	  there	  
is	  often	  only	  a	  relatively	  small	  increase	  in	  heart	  rate.	  	  Because	  we	  wanted	  to	  
investigate	  the	  effects	  of	  alteration	  of	  DTF	  on	  redistribution	  of	  transmural	  MBF	  it	  
was	  important	  first	  to	  establish	  the	  changes	  in	  DTF	  in	  response	  to	  a	  standard	  
infusion	  of	  adenosine.	  This	  was	  the	  purpose	  of	  the	  initial	  stage	  of	  the	  study	  and	  it	  
clearly	  showed	  significant	  alterations	  in	  diastolic	  duration	  and	  DTF	  during	  adenosine-­‐
induced	  hyperaemia,	  even	  though	  there	  was	  only	  a	  21%	  increase	  in	  HR.	  Although	  we	  
did	  not	  specifically	  measure	  DTF	  in	  either	  the	  adenosine-­‐CMR	  or	  the	  exercise-­‐CMR	  
groups,	  we	  can	  assume	  that	  with	  similar	  increases	  in	  HR	  (even	  more	  so	  in	  the	  
exercise	  group)	  that	  there	  would	  be	  a	  corresponding	  reduction	  in	  DTF.	  	  The	  effect	  of	  
such	  a	  reduction	  is	  that	  there	  would	  be	  some	  redistribution	  of	  coronary	  flow	  from	  
the	  subendocardium	  towards	  the	  epicardium23,	  69.	  	  This	  was	  reflected	  in	  the	  present	  
study	  by	  the	  subsequent	  decrease	  in	  the	  ENDO/EPI	  ratio	  from	  1.34	  at	  rest	  to	  1.16	  
during	  adenosine	  hyperaemia	  (P=0.03).	  	  Christian	  et	  al.	  compared	  fluorescent	  
microsphere	  measurements	  of	  canine	  myocardial	  blood	  flow	  with	  qualitative,	  
semiquantitative,	  and	  fully	  quantitative	  measurements	  of	  first-­‐pass	  perfusion	  using	  
magnetic	  resonance	  (MR)	  imaging293.	  They	  found	  that	  CMR	  full	  quantitative	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assessment	  underestimated	  microsphere	  measurements	  of	  MBF.	  However,	  they	  
found	  reductions	  in	  the	  ENDO/EPI	  ratio	  with	  adenosine	  similar	  to	  those	  in	  the	  
present	  study	  falling	  from	  1.2	  to	  0.9,	  and	  1.05	  to	  0.97	  for	  the	  microsphere	  and	  CMR	  
measurements	  during	  rest	  and	  adenosine	  respectively.	  	  There	  are	  few	  studies	  
examining	  this	  in	  humans.	  	  Keijer	  et	  al.	  studied	  a	  small	  group	  of	  patients	  with	  single	  
vessel	  coronary	  disease	  using	  perfusion	  CMR278.	  Despite	  the	  use	  of	  a	  standard	  
perfusion	  protocol	  achieving	  an	  in-­‐plane	  spatial	  resolution	  of	  3x2mm	  (compared	  to	  
1.2x1.2	  in	  the	  present	  study)	  they	  were	  able	  to	  measure	  a	  resting	  ENDO/EPI	  ratio	  in	  
normal	  myocardium	  of	  1.25±0.29.	  During	  dipyridamol	  stress	  (a	  similar	  vasodilator	  to	  
adenosine),	  this	  decreased	  to	  1.08±0.23	  (NS).	  In	  territories	  with	  a	  significant	  
coronary	  stenosis	  the	  values	  for	  the	  ENDO/EPI	  ratios	  were	  1.18±0.18	  and	  0.96±0.21	  
(P<	  0.0002).	  	  George	  et	  al.	  used	  multidetector	  CT	  perfusion	  imaging	  to	  quantify	  MBF	  
in	  patients	  with	  and	  without	  coronary	  artery	  disease369.	  	  They	  found	  ENDO/EPI	  ratio	  
of	  1.12	  during	  adenosine	  infusion	  in	  territories	  supplied	  by	  normal	  coronary	  arteries.	  
There	  were	  no	  measurements	  taken	  during	  rest.	  	  Like	  the	  study	  by	  Keijer,	  they	  also	  
found	  that	  the	  ENDO/EPI	  ratio	  was	  reduced	  in	  territories	  with	  significant	  coronary	  
stenoses	  where	  the	  ratio	  was	  0.91.	  	  
6.5.2 Exercise	  Stress	  Study	  	  
The	  adenosine	  studies	  demonstrated	  that	  we	  were	  able	  to	  detect	  differences	  in	  
myocardial	  transmural	  flow	  redistribution	  consistent	  with	  the	  literature,	  using	  k-­‐t	  
SENSE	  accelerated	  perfusion	  CMR	  at	  3	  T.	  	  Because	  of	  the	  more	  dramatic	  effect	  on	  
heart	  rate	  it	  was	  hypothesised	  that	  large	  muscle	  exercise	  would	  provoke	  a	  similar,	  if	  
not	  even	  more	  significant	  change	  in	  ENDO/EPI	  myocardial	  blood	  flow	  patterns.	  Such	  
studies	  have	  not	  been	  previously	  carried	  out.	  
Absolute	  Flow	  Values	  Reduced	  Compared	  to	  Adenosine	  
In	  the	  present	  study	  transmural	  blood	  flow	  increased	  from	  0.8±0.06	  ml/g/min	  to	  
2.6±0.4	  at	  peak	  exercise.	  Although	  they	  are	  still	  within	  the	  normal	  range	  from	  
previously	  published	  figures309,	  366-­‐368,	  these	  values	  are	  generally	  lower	  than	  we	  
found	  with	  adenosine	  where	  the	  MBF	  values	  were	  1.7±0.2	  at	  rest	  increasing	  to	  
4.4±0.4	  at	  peak	  hyperaemia.	  In	  the	  study	  by	  Wyss	  et	  al.	  a	  mean	  resting	  flow	  value	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1.22	  ±	  0.16	  ml/min/g	  increased	  to	  5.13	  ±	  0.74	  ml/min/g	  during	  adenosine	  stress	  and	  
to	  2.35	  ±	  0.66	  ml/min/g	  during	  exercise309.	  	  The	  reduced	  exercise	  flow	  values	  were	  
attributed	  to	  volunteers	  not	  performing	  exercise	  to	  maximal	  level	  of	  effort,	  and	  to	  
the	  fact	  that	  images	  were	  taken	  immediately	  after	  exercise	  when	  heart	  rate	  and	  flow	  
would	  have	  fallen	  fairly	  rapidly.	  A	  similar	  effect	  could	  be	  seen	  in	  the	  present	  study.	  
Although	  in	  general	  the	  subjects	  achieved	  around	  60-­‐70%	  of	  their	  age-­‐predicted	  
maximum	  heart	  rate	  and	  they	  were	  quickly	  re-­‐introduced	  into	  the	  scanner,	  because	  
they	  were	  young	  and	  fit,	  there	  was	  a	  rapid	  decrement	  in	  their	  peak	  heart	  rate,	  such	  
that	  by	  the	  time	  of	  scanning	  (on	  average	  less	  than	  1	  minute	  after	  stopping	  cycling)	  
this	  had	  dropped	  below	  their	  peak.	  	  While	  this	  might	  explain	  the	  reduced	  peak	  flow	  
values	  compared	  to	  the	  adenosine,	  however,	  it	  does	  not	  explain	  the	  reduced	  resting	  
values.	  One	  of	  the	  major	  issues	  may	  have	  been	  the	  timing	  of	  the	  rest	  scan.	  In	  clinical	  
practice	  this	  is	  conventionally	  carried	  out	  after	  the	  stress	  scan	  and	  this	  was	  the	  case	  
for	  the	  adenosine	  volunteers.	  However,	  when	  we	  started	  the	  exercise	  protocol,	  we	  
found	  that	  although	  peak	  heart	  rate	  dropped	  rapidly	  subjects	  took	  a	  long	  time	  to	  
return	  to	  baseline	  conditions.	  Therefore	  we	  changed	  the	  protocol	  around	  so	  that	  the	  
rest	  scan	  took	  place	  first.	  Although	  previous	  data	  from	  our	  department	  suggests	  that	  
the	  effects	  of	  this	  should	  be	  minimal	  [see	  Chapter	  2],	  it	  is	  possible	  that	  values	  for	  the	  
rest	  scan	  in	  the	  adenosine	  protocol	  therefore	  may	  have	  been	  generally	  higher	  due	  to	  
the	  effects	  of	  background	  contrast	  saturation.	  In	  addition,	  the	  images	  in	  the	  exercise	  
study	  were	  generally	  noisier	  than	  the	  adenosine	  scans;	  increased	  movement	  and	  
breathing	  artefact	  as	  well	  as	  dark	  rim,	  or	  susceptibility,	  artefacts	  associated	  with	  
increased	  heart	  rates	  made	  accurate	  quantification	  analysis	  more	  difficult.	  Because	  
k-­‐t	  SENSE	  utilises	  data	  under-­‐sampling	  methods	  to	  accelerate	  scan	  time	  it	  is	  
especially	  susceptible	  to	  any	  movement	  that	  can	  result	  in	  loss	  of	  data222.	  The	  high	  
heart	  rates	  also	  made	  it	  more	  difficult	  to	  ensure	  that	  the	  timing	  of	  the	  scan	  occurred	  
during	  mid-­‐systole	  when	  the	  myocardium	  is	  thickest,	  the	  point	  where	  mapping	  of	  
the	  endo-­‐	  and	  epicardial	  boarders	  is	  most	  accurate.	  Taken	  together,	  these	  factors	  
may	  have	  resulted	  in	  less	  data	  being	  available	  to	  input	  into	  the	  Fermi	  deconvolution	  
algorithm	  resulting	  in	  an	  underestimation	  of	  absolute	  flow	  values.	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Detection	  of	  Transmural	  Flow	  Heterogeneity	  
Although	  the	  absolute	  flow	  values	  seem	  to	  have	  been	  underestimated	  in	  the	  
exercise	  study,	  the	  relative	  increases	  exceeded	  those	  with	  the	  adenosine.	  The	  MPR	  
was	  3.3±0.5	  for	  Ex1	  and	  3.1±0.4	  for	  Ex2,	  while	  the	  MPR	  for	  adenosine	  was	  2.6±0.5.	  
Differences	  between	  flow	  in	  the	  subendocardium	  and	  subepicardium	  were	  also	  
detectable	  in	  the	  exercise	  studies.	  	  There	  was	  an	  ENDO/EPI	  flow	  ratio	  at	  rest	  of	  
1.29±0.2	  that	  reduced	  to	  1.04±0.2	  after	  exercise	  1	  and	  1.07±0.1	  after	  exercise	  2	  (P=	  
0.02	  vs.	  rest).	  These	  are	  similar	  values	  to	  those	  previously	  reported,	  although	  this	  is	  
the	  first	  time	  such	  data	  has	  been	  recorded	  in	  vivo.	  Ball	  et	  al.	  found	  an	  ENDO/EPI	  ratio	  
of	  1.12-­‐1.33	  in	  various	  regions	  of	  the	  left	  ventricle	  in	  resting	  unanaesthetized	  dogs	  
using	  tracer	  microspheres21.	  	  As	  the	  dogs	  were	  subjected	  to	  increasing	  levels	  of	  
exercise,	  decreases	  in	  the	  ENDO/EPI	  ratio	  were	  observed,	  with	  an	  ENDO/EPI	  ratio	  of	  
0.95-­‐1.14	  at	  maximal	  exercise.	  	  Similarly,	  Barnard	  et	  al.	  also	  observed	  a	  decrease	  in	  
the	  left	  ventricular	  ENDO/EPI	  ratio	  from	  1.29	  during	  rest	  to	  1.03	  during	  exercise	  in	  
dogs46.	  	  	  
6.6 Limitations	  
Both	  studies	  involved	  a	  small	  number	  of	  patients.	  	  Although	  previous	  studies	  have	  
demonstrated	  the	  feasibility	  of	  k-­‐t	  SENSE	  accelerated	  first-­‐pass	  perfusion	  CMR	  in	  
healthy	  volunteers	  and	  patients221,	  288,	  reproducibility	  of	  subendocardial	  and	  
subepicardial	  data	  need	  to	  be	  explored	  further	  in	  larger	  samples.	  	  	  
As	  discussed	  earlier,	  the	  images	  and	  data	  obtained	  from	  the	  exercise	  stress	  first-­‐pass	  
perfusion	  CMR	  test	  were	  often	  sub-­‐optimal.	  	  In	  4	  out	  of	  the	  11	  volunteers	  it	  was	  not	  
possible	  to	  analyse	  completely	  all	  three	  scans	  due	  to	  excessive	  artefacts.	  Data	  from	  
these	  subjects	  were	  therefore	  not	  included	  in	  the	  final	  analysis.	  This	  represents	  a	  
significant	  proportion	  of	  the	  population	  and	  reflects	  the	  difficulties	  of	  scanning	  
under	  such	  conditions.	  There	  is	  a	  need	  to	  optimize	  the	  sequence	  for	  physical	  
exercise	  further	  focusing	  on	  the	  need	  to	  increase	  the	  speed	  of	  data	  acquisition	  and	  
reduction	  in	  the	  incidence	  of	  respiratory	  and	  other	  movement-­‐induced	  artefacts.	  
Potential	  options	  that	  we	  have	  considered	  might	  include:	  	  reconstruction	  of	  the	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perfusion	  sequence	  with	  kt-­‐BLAST	  and	  rather	  than	  kt-­‐SENSE;	  use	  of	  a	  saturation	  
'slab'	  over	  the	  anterior	  chest	  wall	  to	  nullify	  the	  signal	  from	  the	  chest	  which	  is	  the	  
most	  frequent	  source	  of	  artefact	  in	  k-­‐space;	  caudal-­‐cranial	  fold-­‐over	  direction	  as	  
opposed	  to	  anterior-­‐posterior;	  a	  new	  reconstruction	  protocol	  called	  kt-­‐PCA	  (not	  
available	  at	  the	  time	  of	  our	  studies),	  which	  rejects	  signals	  that	  vary	  too	  much	  from	  
the	  mean	  of	  the	  surrounding	  tissue	  and	  reduces	  the	  impact	  of	  artefact	  on	  the	  
averaged	  output335;	  use	  of	  much	  lower	  doses	  of	  Gd-­‐DTPA	  (e.g.	  0.004mmol/kg),	  
which	  avoids	  potential	  signal	  saturation	  that	  can	  occur	  with	  higher	  contrast	  doses	  on	  
the	  second	  and	  third	  perfusion	  scans.	  All	  of	  these	  need	  to	  be	  fully	  tested	  and	  then	  
incorporated	  into	  an	  updated	  scanning	  protocol	  but	  it	  is	  hoped	  that	  they	  will	  
substantially	  improve	  the	  quality	  and	  consistency	  of	  the	  perfusion	  images.	  Further	  
work	  also	  needs	  to	  be	  carried	  out	  to	  assess	  the	  inconsistency	  in	  the	  absolute	  flow	  
values	  measured	  across	  the	  studies.	  	  	  
	  
6.7 Future	  Work	  
“Gradientograms”	  
In	  the	  present	  study,	  we	  measured	  the	  relationship	  between	  endo-­‐	  and	  epicardial	  
myocardial	  blood	  flow	  by	  dividing	  the	  myocardium	  into	  thirds	  and	  comparing	  mean	  
flows	  across	  each	  of	  these	  segments.	  Although	  this	  is	  a	  standard	  technique	  and	  used	  
in	  other	  studies278	  it	  is	  relatively	  crude	  in	  that	  it	  does	  not	  account	  for	  variations	  in	  
flow	  within	  each	  of	  these	  segments.	  Data	  from	  the	  present	  study	  was	  therefore	  used	  
to	  describe	  a	  new	  approach	  for	  characterization	  and	  visualization	  of	  regional	  and	  
dynamic	  differences	  in	  myocardial	  contrast	  uptake.	  Conventional	  quantitative	  
assessments	  of	  myocardial	  perfusion	  analyse	  the	  temporal	  relation	  between	  the	  
arterial	  input	  function	  and	  the	  myocardial	  signal	  intensity	  (SI)	  curves,	  thereby	  
neglecting	  the	  important	  spatial	  relation	  between	  the	  myocardial	  SI	  curves.	  	  The	  new	  
method	  published	  in	  MRM	  enables	  characterisation	  of	  sub-­‐endocardial	  to	  
subepicardial	  gradients	  in	  myocardial	  perfusion	  based	  on	  a	  two	  dimensional,	  
‘‘gradientogram’’	  representation,	  which	  displays	  the	  evolution	  of	  the	  transmural	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gradient	  in	  myocardial	  contrast	  uptake	  over	  time	  in	  all	  circumferential	  positions	  of	  
the	  acquired	  images290.	  This	  gradientogram	  allows	  for	  direct	  quantification	  of	  the	  
gradient	  amplitude,	  the	  temporal	  persistence,	  and	  circumferential	  extent	  of	  
myocardial	  perfusion	  defects	  and	  it	  revealed	  a	  clear	  distinction	  between	  normal	  
perfusion	  and	  inducible	  ischaemia	  in	  patients	  with	  coronary	  arterial	  disease	  during	  
adenosine	  hyperaemia.	  This	  analysis	  has	  not	  yet	  been	  carried	  out	  in	  the	  exercise-­‐
CMR	  subjects	  because,	  so	  far,	  the	  perfusion	  images	  in	  this	  group	  have	  not	  been	  of	  
sufficient	  quality.	  However,	  this	  works	  represents	  an	  exciting	  new	  method	  to	  
examine	  in	  detail	  the	  changes	  in	  transmural	  flow	  that	  occur	  in	  response	  to	  stress.	  	  
Transmural	  Flow	  Redistribution	  and	  “Warm-­‐Up”:	  A	  Potential	  Mechanism?	  
In	  Chapter	  5	  of	  this	  thesis	  we	  documented	  that	  microvascular	  resistance	  falls	  in	  
response	  to	  large	  muscle	  exercise	  in	  patients	  with	  coronary	  artery	  disease	  and	  
angina.	  This	  fall	  in	  resistance	  corresponded	  with	  an	  increase	  in	  coronary	  flow	  
velocity	  and	  a	  fall	  in	  LV	  afterload	  due	  to	  a	  reduction	  in	  arterial	  wave	  reflection	  in	  the	  
aorta.	  These	  changes	  persisted	  through	  recovery	  and	  into	  a	  second	  exercise	  period,	  
resulting	  in	  a	  warm-­‐up	  effect;	  manifested	  as	  increased	  time	  to,	  and	  greater	  workload	  
at	  the	  point	  of	  ECG-­‐ischaemia.	  	  Experimental	  work	  in	  animals	  has	  shown	  that	  with	  
reducing	  DTF,	  subendocardial	  perfusion	  becomes	  dependent	  on	  a	  fall	  in	  
microvascular	  resistance	  to	  maintain	  diastolic	  perfusion336,	  342.	  	  These	  changes	  
become	  even	  more	  critical	  in	  the	  presence	  of	  a	  coronary	  stenosis,	  where	  the	  resting	  
ENDO/EPI	  perfusion	  ration	  may	  be	  attenuated278,	  369	  and	  vasodilator	  capacity	  may	  be	  
already	  near	  maximal60,	  69,	  336.	  It	  has	  been	  suggested	  that	  warm-­‐up	  may	  result	  from	  
changes	  in	  coronary	  blood	  flow.	  Previous	  studies	  have	  failed	  to	  demonstrate	  
changes	  in	  overall	  coronary	  flow	  although	  such	  studies	  used	  outmoded	  measures	  of	  
myocardial	  blood	  flow	  such	  as	  coronary	  sinus	  sampling103,	  104,	  345.	  It	  may	  be	  that,	  
rather	  than	  changes	  in	  bulk	  flow,	  warm-­‐up	  arises	  through	  more	  subtle	  changes	  in	  
transmural	  flow	  redistribution	  with	  enhanced	  subendocardial	  perfusion	  attenuating	  
ischaemia.	  This	  would	  be	  consistent	  with	  the	  changes	  in	  microvascular	  resistance	  
that	  we	  reported	  in	  the	  catheter	  lab	  studies	  described	  in	  Chapter	  5.	  Bogaty	  et	  al.	  
investigated	  this	  using	  SPECT	  in	  patients	  with	  exertional	  angina,	  but	  they	  were	  not	  
able	  to	  demonstrate	  any	  changes	  in	  flow	  between	  the	  myocardial	  layers116;	  again	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this	  may	  have	  been	  due	  to	  imperfect	  techniques	  with	  the	  poor	  spatial	  resolution	  
afforded	  by	  SPECT	  not	  sufficient	  to	  detect	  such	  differences.	  	  
The	  techniques	  developed	  in	  this	  chapter,	  as	  well	  as	  the	  exciting	  advances	  afforded	  
by	  the	  “gradientogram”	  analysis	  outlined	  above,	  provide	  a	  good	  model	  to	  investigate	  
the	  changes	  in	  transmural	  myocardial	  blood	  flow	  that	  accompany	  heavy	  exercise	  in	  
patients	  with	  ischaemic	  heart	  disease.	  	  Following	  these	  initial	  promising	  results	  in	  
normal	  volunteers,	  and	  after	  further	  optimisation	  of	  the	  scanning	  protocol	  outlined	  
above,	  the	  next	  stage	  of	  my	  research	  was	  to	  recruit	  patients	  with	  significant	  
coronary	  arterial	  disease	  and	  angina.	  Full	  ethical	  approval	  had	  been	  obtained	  for	  
this.	  Indeed,	  we	  got	  as	  far	  as	  recruiting	  and	  scanning	  a	  couple	  of	  patients,	  but	  after	  
this	  the	  3T	  scanner	  at	  St	  Thomas’	  underwent	  a	  major	  refurbishment,	  which	  in	  the	  
end	  lasted	  10	  months	  and	  meant	  that	  I	  was	  not	  able	  to	  recruit	  any	  further	  patients	  
or	  conduct	  any	  further	  studies	  into	  this	  part	  of	  my	  PhD	  research.	  	  Now	  that	  the	  
scanner	  is	  operational	  once	  again,	  this	  line	  of	  investigation	  into	  mechanisms	  of	  
warm-­‐up	  is	  being	  continued	  by	  my	  colleagues,	  Dr.	  Kal	  Asrass	  and	  Dr.	  Rupert	  
Williams,	  as	  part	  of	  their	  PhD	  theses;	  they	  have	  received	  BHF	  funding	  to	  do	  so,	  partly	  
based	  on	  the	  preliminary	  data	  provided	  in	  this	  chapter.	  	  
6.8 Conclusion	  
Exercise	  stress	  testing	  remains	  the	  most	  physiological	  method	  of	  inducing	  
myocardial	  stress.	  Due	  to	  high	  heart	  rate	  and	  respiratory	  motion	  the	  feasibility	  of	  
physiological	  stress	  in	  the	  MR	  environment	  has	  limited	  its	  clinical	  and	  scientific	  
application,	  but	  following	  the	  development	  of	  high-­‐resolution	  CMR	  methods,	  these	  
responses	  now	  can	  be	  measured.	  k-­‐t	  SENSE	  is	  associated	  with	  improved	  temporal	  
and	  spatial	  resolution	  of	  perfusion	  CMR	  through	  acceleration	  of	  data	  acquisition.	  
These	  results	  suggest	  that	  using	  k-­‐t	  SENSE	  we	  can	  detect	  and	  quantify	  changes	  in	  
flow	  to	  the	  different	  myocardial	  layers.	  We	  were	  able	  to	  demonstrate	  that	  at	  rest	  
endocardial	  flow	  was	  greater	  than	  epicardial;	  and,	  as	  heart	  rate	  increases,	  there	  is	  an	  
equalisation	  in	  flow	  due	  to	  the	  redistribution	  of	  blood	  secondary	  to	  the	  
disproportionate	  effect	  of	  systolic	  flow	  impediment	  on	  the	  subendocardial	  layer.	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These	  data	  are	  consistent	  with	  the	  available	  physiological	  literature.	  We	  are	  not	  
aware	  of	  any	  previous	  studies	  that	  have	  documented	  transmural	  myocardial	  flow	  
heterogeneity	  in	  response	  to	  exercise	  stress	  in	  vivo.	  	  Although	  in	  need	  of	  some	  
further	  refinement,	  these	  studies	  provide	  a	  model	  suited	  to	  investigate	  potential	  
mechanisms	  of	  clinically	  important	  phenomena	  such	  as	  warm-­‐up	  angina	  that	  may	  
arise	  through	  changes	  in	  transmural	  perfusion	  gradients.	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The	  purpose	  of	  this	  synthesis	  is	  to	  summarise	  the	  major	  findings	  and	  implications	  of	  
the	  studies	  that	  are	  the	  focus	  of	  this	  thesis.	  	  
7.1 Aims	  and	  Hypotheses	  of	  this	  Thesis	  
The	  response	  of	  the	  human	  heart	  to	  ischaemic	  stress	  is	  variable	  and	  a	  variety	  of	  
potential	  adaptive	  mechanisms	  attenuate	  myocyte	  damage	  and	  improve	  
performance.	  	  Such	  mechanisms	  are	  poorly	  understood	  and	  may	  include	  innate	  
myocardial	  responses,	  changes	  in	  microvascular	  function	  and	  more	  general	  systemic	  
haemodynamic	  adaptations.	  	  The	  main	  aim	  of	  this	  thesis	  was	  to	  examine	  some	  of	  
these	  adaptive	  mechanisms	  to	  ischaemic	  stress,	  using	  the	  models	  of	  exercise	  
induced	  myocardial	  ischaemia	  and	  acute	  myocardial	  infarction.	  In	  the	  former,	  we	  
sought	  to	  use	  invasive	  physiological	  measurements	  and	  high-­‐resolution	  cardiac	  
magnetic	  resonance	  imaging	  to	  assess	  changes	  in	  coronary	  blood	  flow,	  central	  
haemodynamics	  and	  transmural	  myocardial	  perfusion	  in	  patients	  with	  symptomatic	  
coronary	  arterial	  disease.	  In	  the	  latter,	  we	  sought	  to	  examine	  the	  role	  of	  post-­‐
conditioning	  as	  a	  potential	  therapeutic	  tool	  in	  a	  randomised	  controlled	  trial	  involving	  
patients	  undergoing	  primary	  percutaneous	  revascularisation	  for	  acute	  myocardial	  
infarction.	  	  
Key	  Hypotheses	  Under	  Investigation	  in	  this	  Thesis	  
4. The	  reduction	  of	  ischaemia	  seen	  on	  second	  exercise	  in	  patients	  with	  coronary	  
artery	  disease	  can	  be	  explained	  by	  changes	  in	  central	  haemodynamics,	  
especially	  a	  reduction	  in	  central	  blood	  pressure	  causing	  a	  reduction	  in	  
ventricular	  afterload	  and	  enhanced	  vascular-­‐ventricular	  coupling.	  
5. Warm	  up	  angina	  is	  associated	  with	  reduced	  microvascular	  resistance	  and	  an	  
improvement	  in	  subendocardial	  perfusion	  on	  second	  exercise	  
6. Postconditioning	  causes	  a	  reduction	  in	  infarct	  size	  through	  activation	  of	  
innate	  myocardial	  protective	  mechanisms	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7.2 Summary	  of	  the	  Main	  Findings	  
7.2.1 Postconditioning	  in	  Acute	  Myocardial	  Infarction	  
Initial	  clinical	  results	  using	  a	  postconditioning	  protocol	  in	  the	  context	  of	  primary	  
percutaneous	  revascularisation	  (PPCI)	  have	  been	  promising148,	  319,	  but	  whether	  
postconditioning	  results	  in	  a	  long-­‐term	  sustained	  attenuation	  of	  post-­‐ischaemic	  
injury	  and	  infarct	  reduction	  rather	  than	  simply	  a	  delay	  in	  inevitable	  injury	  is	  a	  
question	  still	  to	  be	  determined.	  	  The	  demonstration	  of	  such	  an	  effect	  would	  add	  
significantly	  to	  the	  argument	  of	  the	  existence	  of	  intrinsic	  cardiac	  protection	  in	  
ischaemic	  heart	  disease	  patients,	  where	  the	  promise	  of	  such	  a	  phenomenon	  based	  
on	  laboratory	  studies	  has	  perhaps	  failed	  to	  live	  up	  to	  expectations	  in	  the	  clinical	  
setting.	  	  The	  purpose	  of	  the	  initial	  studies	  of	  this	  thesis	  was	  to	  design	  and	  undertake	  
a	  randomised	  clinical	  trial	  examining	  these	  long-­‐term	  effects.	  Cardiac	  magnetic	  
resonance	  imaging	  (CMR)	  was	  chosen	  to	  assess	  infarct	  size,	  both	  at	  baseline	  and	  at	  
follow-­‐up	  as	  it	  provides	  unique	  tissue	  characterisation	  of	  the	  myocardium	  with	  high	  
resolution	  and	  reproducibility	  and	  without	  the	  use	  of	  ionising	  radiation.	  CMR	  is	  also	  
able	  to	  track	  both	  changes	  in	  LV	  segmental	  wall	  thickening	  and	  the	  presence	  of	  
microvascular	  obstruction	  (MVO).	  It	  is	  suggested	  that	  by	  ameliorating	  the	  
deleterious	  effects	  of	  reperfusion	  injury	  in	  the	  first	  minutes	  following	  restoration	  of	  
coronary	  flow	  postconditioning	  will	  reduce	  MVO	  and	  promote	  LV	  recovery	  over	  and	  
above	  the	  reduction	  in	  infarct	  size	  alone.	  
Out	  of	  the	  33	  patients	  randomised	  into	  the	  study	  there	  was	  a	  high	  proportion	  who	  
dropped	  out,	  with	  8	  being	  excluded	  in	  the	  postconditioning	  (PC)	  arm	  and	  6	  excluded	  
in	  the	  control	  arm	  before	  the	  cath	  lab	  protocol	  was	  completed.	  There	  was	  no	  
suggestion	  that	  the	  PC	  protocol	  of	  re-­‐occluding	  the	  vessel	  with	  serial	  balloon	  
inflations	  was	  associated	  with	  procedural	  complications	  and,	  indeed,	  it	  was	  tolerated	  
very	  well	  by	  the	  patients.	  5	  further	  patients	  dropped	  out	  before	  the	  second	  CMR	  
scan	  could	  be	  performed	  at	  5	  month	  follow-­‐up,	  including	  one	  patient	  who	  had	  a	  
cardiac	  defibrillator	  fitted.	  	  Such	  difficulties	  in	  recruitment	  and	  follow-­‐up	  greatly	  
hampered	  our	  ability	  to	  complete	  this	  trial.	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The	  main	  results	  of	  the	  interim	  analysis	  of	  this	  randomised,	  prospective	  study	  
examining	  the	  benefits	  of	  postconditioning	  compared	  to	  control	  in	  a	  population	  of	  
patients	  undergoing	  primary	  PCI	  for	  acute	  ST-­‐elevation	  MI	  suggest	  an	  improvement	  
in	  tissue	  perfusion,	  based	  on	  ST-­‐segment	  resolution	  on	  the	  ECG,	  but	  no	  reduction	  in	  
infarct	  size.	  These	  results	  must	  be	  treated	  cautiously	  as	  they	  are	  not	  powered	  to	  
determine	  any	  significant	  differences	  due	  to	  low	  numbers.	  	  Hence	  the	  hypothesis	  
that	  postconditioning	  causes	  a	  reduction	  in	  infarct	  size	  through	  activation	  of	  innate	  
myocardial	  protective	  mechanisms	  cannot	  be	  answered	  decisively	  with	  these	  data.	  	  
7.2.2 High	  Resolution	  CMR	  Perfusion	  Imaging	  in	  Stable	  Coronary	  
Disease	  
The	  principle	  tools	  required	  for	  the	  studies	  involving	  stable	  IHD	  patients	  were	  high-­‐
speed	  and	  high-­‐resolution	  CMR	  imaging	  and	  invasive	  dual-­‐sensor	  coronary	  
measurements	  in	  the	  cardiac	  catheterisation	  lab.	  	  Both	  of	  these	  involved	  the	  
development	  of	  a	  specially	  adapted	  supine	  ergometer	  that	  would	  be	  used	  to	  
exercise	  the	  patients	  to	  provoke	  myocardial	  ischaemia.	  For	  the	  CMR	  protocol,	  data	  
sampling	  had	  to	  be	  very	  fast,	  not	  only	  to	  allow	  imaging	  at	  high	  heart	  rates	  such	  as	  
during	  peak	  exercise	  but	  also	  to	  allow	  high-­‐resolution	  imaging	  required	  to	  determine	  
differences	  in	  endo-­‐	  and	  epicardial	  patterns	  of	  perfusion.	  	  New	  CMR	  acquisition	  
strategies	  that	  simultaneously	  take	  advantage	  of	  coil	  encoding	  and	  spatiotemporal	  
correlations,	  such	  as	  k-­‐space	  and	  time	  sensitivity	  encoding	  (k-­‐t	  SENSE),	  allow	  
considerable	  acceleration	  of	  CMR	  data	  acquisition220.	  	  Scanning	  at	  higher	  field	  
strength	  of	  3-­‐Tesla	  offers	  better	  signal-­‐to-­‐noise	  ratio	  with	  a	  reduction	  in	  artefacts	  
compared	  to	  the	  more	  standard	  1.5-­‐T.	  The	  use	  of	  such	  perfusion	  sequences	  
therefore	  offered	  distinct	  advantages	  over	  standard	  perfusion	  techniques.	  However,	  
because	  there	  have	  been	  only	  few	  studies	  using	  k-­‐t	  perfusion	  at	  3-­‐T	  a	  validation	  
study	  was	  first	  required	  comparing	  it’s	  diagnostic	  accuracy	  with	  the	  invasively	  
measured	  fractional	  flow	  reserve	  (FFR).	  	  This	  was	  carried	  out	  in	  a	  cohort	  of	  patients	  
at	  St	  Thomas’	  hospital	  with	  stable	  angina	  pectoris	  and	  single	  vessel	  coronary	  arterial	  
disease	  being	  considered	  for	  percutaneous	  revascularisation	  (PCI).	  	  A	  group	  of	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normal	  volunteers	  was	  also	  scanned	  in	  order	  to	  optimise	  the	  k-­‐t	  perfusion	  sequence	  
and	  to	  validate	  the	  full	  perfusion	  quantification	  methods	  used	  in	  the	  main	  study.	  
The	  main	  results	  of	  the	  study	  showed	  that	  high-­‐resolution	  myocardial	  perfusion	  CMR	  
imaging	  accurately	  detects	  functionally	  significant	  coronary	  artery	  stenosis	  as	  
determined	  by	  FFR	  using	  both	  visual	  and	  quantitative	  analysis	  of	  the	  perfusion	  data.	  
Measurements	  of	  myocardial	  blood	  flow	  obtained	  from	  CMR	  perfusion	  correlated	  
better	  with	  the	  physiologically	  based	  FFR	  than	  with	  anatomical	  assessment	  of	  the	  
coronary	  angiogram,	  which	  is	  to	  be	  expected.	  	  	  Importantly,	  the	  data	  from	  this	  study	  
suggested	  that	  these	  CMR	  methods	  were	  robust	  and	  accurate	  with	  good	  
reproducibility	  and	  repeatability,	  and	  could	  be	  used	  in	  the	  further	  studies	  of	  this	  
thesis.	  	  
7.2.3 Synergistic	  Adaptations	  in	  Warm-­‐Up	  Angina	  
The	  mechanisms	  of	  the	  phenomenon	  warm-­‐up	  angina	  remain	  elusive.	  Warm-­‐up	  
shares	  many	  characteristics	  with	  ischaemic	  preconditioning	  but	  also	  maintains	  
distinct	  differences,	  which	  suggest	  that	  other	  factors	  may	  predominate.	  During	  
repetitive	  exercise,	  differences	  in	  ventricular	  afterload,	  subendocardial	  perfusion	  
and	  microvascular	  resistance	  that	  relate	  to	  the	  propagation	  of	  waves	  within	  the	  
aortic	  and	  coronary	  circulation	  may	  play	  an	  important	  role,	  although	  such	  
adaptations	  have	  never	  been	  demonstrated	  in	  vivo.	  	  
In	  our	  study	  population	  of	  patients	  with	  severe	  coronary	  disease	  warm-­‐up	  was	  
confirmed	  on	  second	  effort	  (Ex2).	  	  Careful	  analysis	  of	  systemic	  and	  coronary	  
haemodynamics	  during	  first	  and	  second	  exercise	  revealed	  a	  number	  of	  highly	  
significant	  and	  interdependent	  alterations	  that	  likely	  contribute	  to	  this	  effect.	  Most	  
striking	  amongst	  these	  was	  a	  reduction	  in	  central	  aortic	  pressure	  augmentation	  
hence	  reducing	  left	  ventricular	  work.	  This	  was	  accompanied	  by	  a	  reduction	  in	  
coronary	  microvascular	  resistance	  leading	  to	  a	  higher	  coronary	  blood	  flow	  velocity	  
and	  an	  increased	  flow-­‐accelerating	  backward	  expansion	  wave	  at	  the	  onset	  of	  
diastole,	  reflecting	  the	  important	  interaction	  of	  cardiac-­‐coronary	  coupling	  and	  
microvascular	  conduction	  with	  respect	  to	  enhancing	  myocardial	  perfusion.	  	  These	  
combined	  adaptations	  synergistically	  served	  to	  alleviate	  the	  imbalance	  between	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myocardial	  demand	  and	  supply	  and	  resulted	  in	  the	  improved	  performance	  seen	  on	  
second	  exercise.	  	  These	  data	  are	  unique	  and	  such	  work	  has	  not	  been	  previously	  
carried	  out.	  They	  shine	  light	  on	  one	  of	  the	  main	  hypotheses	  of	  this	  thesis,	  suggesting	  
that	  important	  changes	  in	  central	  haemodynamics,	  especially	  a	  reduction	  in	  central	  
blood	  pressure	  do	  cause	  a	  reduction	  in	  ventricular	  afterload	  and	  enhanced	  vascular-­‐
ventricular	  coupling.	  They	  also	  support	  the	  hypothesis	  that	  warm	  up	  angina	  is	  
associated	  with	  reduced	  microvascular	  resistance,	  that	  in	  turn	  would	  be	  expected	  to	  
lead	  to	  an	  improvement	  in	  subendocardial	  perfusion	  on	  second	  exercise.	  To	  address	  
this	  issue	  of	  enhanced	  subendocardial	  perfusion	  specifically	  we	  turn	  to	  the	  last	  series	  
of	  studies	  reported	  in	  this	  thesis.	  	  
7.2.4 Transmural	  Flow	  Heterogeneity	  During	  Exercise	  
The	  revealing	  results	  from	  the	  exercise	  studies	  in	  the	  catheterisation	  lab,	  showing	  
reduced	  microvascular	  resistance	  and	  enhanced	  coronary-­‐cardiac	  interaction	  on	  
second	  exercise,	  strongly	  suggest	  that	  an	  important	  component	  of	  warm-­‐up	  results	  
from	  the	  transmural	  redistribution	  of	  myocardial	  blood	  towards	  the	  vulnerable	  
subendocardial	  layer.	  	  This	  formed	  the	  final	  hypothesis	  under	  investigation	  in	  this	  
thesis	  and	  utilised	  the	  high-­‐speed	  CMR	  perfusion	  techniques	  developed	  in	  our	  earlier	  
studies.	  To	  be	  able	  to	  detect	  such	  changes	  in	  vivo	  at	  peak	  exercise	  represented	  a	  
considerable	  challenge,	  testing	  our	  technical	  capabilities	  to	  the	  limit	  due	  to	  the	  
problems	  caused	  by	  high	  heart	  rates	  and	  breathing	  and	  movement	  artefacts.	  Even	  in	  
healthy	  volunteers,	  many	  iterations	  and	  much	  fine-­‐tuning	  of	  the	  perfusion	  sequence	  
was	  required	  before	  any	  meaningful	  data	  could	  be	  obtained.	  	  However,	  finally	  we	  
were	  able	  to	  obtain	  good	  signals	  and	  quantification	  of	  myocardial	  blood	  flow	  
demonstrated	  flow	  heterogeneity	  during	  exercise;	  the	  first	  time	  such	  data	  has	  been	  
acquired	  during	  exercise	  in	  human	  subjects.	  	  Subsequently,	  we	  had	  started	  acquiring	  
data	  from	  patients	  with	  coronary	  disease	  with	  a	  serial	  exercise	  warm-­‐up	  protocol	  but	  
unfortunately	  this	  coincided	  with	  extensive	  refurbishment	  and	  upgrade	  of	  the	  3T	  
research	  scanner,	  which	  meant	  that	  I	  was	  not	  able	  to	  carry	  out	  any	  further	  data	  
collection	  for	  the	  duration	  of	  my	  research	  time.	  Therefore,	  while	  the	  changes	  in	  
microvascular	  function	  and	  increase	  in	  the	  backward-­‐travelling	  coronary	  suction	  
wave	  on	  second	  exercise	  allude	  to	  enhanced	  subendocardial	  perfusion	  as	  a	  key	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element	  in	  warm-­‐up	  in	  patients	  with	  exertional	  angina,	  we	  have	  not	  been	  able	  to	  
address	  this	  question	  directly	  from	  the	  results	  of	  this	  study.	  	  
7.3 Conclusion	  
The	  mechanisms	  of	  adaptation	  of	  the	  heart	  to	  ischaemic	  stress	  are	  complex	  and	  
likely	  multifactorial.	  We	  were	  able	  to	  demonstrate	  that	  the	  reduction	  of	  ischaemia	  
seen	  on	  second	  exercise	  in	  patients	  with	  stable	  coronary	  artery	  disease	  is	  associated	  
with	  synergistic	  changes	  in	  central	  and	  coronary	  haemodynamics,	  especially	  a	  
reduction	  in	  central	  blood	  pressure	  causing	  a	  reduction	  in	  ventricular	  afterload	  and	  
enhanced	  vascular-­‐ventricular	  coupling.	  This	  is	  also	  accompanied	  by	  a	  reduction	  in	  
myocardial	  microvascular	  resistance	  suggesting	  a	  generalised	  reactive	  hyperaemic	  
vasodilatory	  response	  to	  exercise	  that	  results	  in	  improved	  myocardial	  perfusion	  and	  
overall	  performance.	  	  Transmural	  flow	  redistribution	  to	  the	  subendocardium	  is	  likely	  
to	  play	  an	  important	  role	  in	  attenuating	  myocardial	  ischaemia	  on	  repeat	  exercise	  
although	  we	  await	  the	  results	  of	  ongoing	  work.	  High-­‐speed	  CMR	  perfusion	  imaging	  
using	  k-­‐t	  acceleration	  is	  a	  feasible	  tool	  to	  investigate	  these	  differences,	  with	  
sufficient	  spatial	  resolution	  to	  detect	  transmural	  flow	  heterogeneity.	  	  Innate	  
myocardial	  protection,	  such	  as	  that	  afforded	  by	  postconditioning	  remains	  a	  
possibility,	  although	  the	  results	  from	  this	  study	  are	  inconclusive.	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